r 


AD'751  217 

HIGH  PERFORMANCE  HELICOPTER  HOIST  PROGRAM 

•  *  }  ' 

Louis  J.  Lawson,  et  al  .  ' 

.  1  ' 

Lockheed  Missiles  and  Space  Company 


Prepared  for:  * 

Army  Land  Warfare  Lab, oratory 
August  1972  . 


DISTRIBUTED  JY: 


National  Teclinical  lnforinatMHi.Sifvica 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfiald  Va.  22151 


I 


1 


UKCLASSIFICD 

fccuiity  CI«*»4ne>Moii 


DOCUMINT  CONTROL  DATA  RAD 


T’oSiamSjtuTTTrtvir'i  (Ciitptmit  mimSo'^“' 

Lockheed  Miseilca  tc  Spece  Company,  Inc. 
11 1 1  Lockheed  Way 
Sunnyvale,  California  94088 


”^T!!n!7?oST7tcuSTT^cLAfRir7c<rTioN 


Unclassified 


Uk,  cnovP 


Id  IRCWO^r  TITLC 


HIGH  PERFORMANCE  HELICOPTER  HOIST  PROGRAM 
(Phase  I  —  Final  Report) 

4  octcniPTivi  Hor^t  (TtP*  •! npttt  m4  lneht»l<n  dattmi 


t.  AUTHOniS)  {Pint  nwM,  mItUlu  I 

Louis  J.  Lawson 


•Of  flMM> 


|0  fRC^OMT  OATt 


P«4  TOTAk  NO.  NAOKO  JtA.  NO.  OF  i-  . 


15  May  1972 

[Tr^*o5rTNAcT'o?r^n!MrTT3iar""“’~*' 

'  DAAD05-72-C-0099 

I  *.  *lle.lKCT  NO. 


to  OltTNIOUTION  •TATCMCNT 


Each  transmittal  of  this  document  outside  the  agencies  of  the  U.  S.  Govern¬ 
ment  must  have  prior  approval  of  the  U.  S.  Army  Land  Warfare  Laboratory. 


%*.  eOONMIlINO  UILITAHV  ACTIVITY 


U.  S.  Army  Land  Warfare  Laboratory 
Aberdeen  Proving  Ground 
Maryland  21005 


ll>  AOtTRACT 


This  report  presents  a  feasibility  study  on  a  flywheel  powered  personnel 
rescue  hoist  for  helicopters.  It  includes  investigations  of  flywheel  configurations, 
materials,  and  associated  equipment  including  bearings,  seals,  and  pumps.  Also 
included  are  discussions  of  human  factors  considerations  and  design  considerations 
affecting  component  selection,  hoist  configuration,  and  hoist  installation.  Par¬ 
ticular  attention  is  given  to  the  ca^^bility  of  a  13.  5-lb,  73.  5  w-hr  flywheel  to 
provide  the  short  duration  high  power  required  to  affect  rescue  hoisting  speed 
as  high  as  500  ft  per  min.  without  overtaxing  the  helicoptex's  limited  accessory 
power  capacity. 


Details  of  illustrations  in 
this  document  may  be  better 
^Atudiid  OG  iRicrofiohe 


.1473 


UNCLA^IFIED 

”TCc*trnirCI«*»flicI«oirr" 


TECHNICAL  REPORT  NO.  IWL-CR-02M72 

HIGH  PERFORMANCE  HELICOPTER  HOIST  PROGRAM 
PHASE  I 

FINAL  REPORT 


Contract  No.  nAAD05-72-C-0099 


By 

L.  J.  lawaon,  J.  H.  Buddy,  R.  R.  Giltert,  M,  R.  Helvey, 
E.  H.  Jacobsen,  R.  Ruth,  and  W.  T.  Wada 

Ground  Vehicle  Systems 
lockheed  Missiles  &  Space  Company,  inc. 
Sunnyvale,  California 


August  1972 


I 

I 


APPROVED  FOR  PUBLIC  REIEASE:  DISTRIBUTION  UNLIMITED 


U.  S.  ARM!  LAND  WARFARE  LABORATORY 
Aberdeen  Proving  Ground,  Maryland  21005 


LMSC-D267477 


SUMMARY  i 

f 

t 

i 

The  purpose  of  the  Phase  I,  High  Performance  Helicopter  Hoist  Program 
is  to  determine  the  feasibility  of  utilizing  flywheel  energy  storage  to  provide 
high  speed  retrieval  of  personnel  and  materiel  while  hovering.  A  further 
objective  is  tlie  provision  of  a  preliminary  design  of  the  optimum  hoist  con¬ 
figuration  which  will  interface  with  existing  and  new  U.  S.  Army  helicopters 
used  for  air  rescue  operations. 


RESULTS  AND  CONCLUSIONS 


An  optimized  hoist  design  layout  has  been  completed  which  will  operate  at 
hoisting  speeds  up  to  five  times  faster  than  the  present  hoist  without  addi¬ 
tional  power  from  the  helicopter  dtiring  hoisting  operations. 


A  moderate  capacity  kinetic  energy  flywheel  weighing  13.  5  lb  can  provide 
sufficient  power  during  hoisting  operations  to  minimize  helicopter  vulner¬ 
ability. 

A  practical  transmission  system  coupling  the  drive,  motor,  flywheel,  and 
cable  mechanism  can  be  built. 

Tests  of  candidate  steel  cables  and  ropes  for  use  witii  tile  hoist  have  shown 
syntiietic  rope  to  offer  several  advantages. 

Human  factors  studies  and  testing  have  pointed  up  many  deficiencies  in  the 
presently  used  hoisting  methods  and  equipment  which  can  be  improved  with 
a  new  hoist  system. 
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The  life-cycle  cost  and  cost  effectiveness  of  flie  optimized  high  perfornruince 
hoist  are  predicted  to  be  substantially  below  present  levels  as  a  result  of 
improved  availability  and  reduced  flight  time  for  rescue  operations. 

A  safety  analysis  has  shown  that  the  high  performance  hoist  can  alleviate 
hazards  associated  with  hoist  rescue  operations  without  introducing  signi¬ 
ficant  new  hazards. 

RECOMMENDATIONS 

A  two-phase  program  leading  to  the  design  and  fabrication  of  a  high  perform¬ 
ance  helicopter  hoist  and  ancillary  eqtiipment  suitable  for  military  potential 
testing  is  recommended. 

The  recommended  prototype  hoist  development  program  includes  the  follow¬ 
ing: 

a  Hurnai^  factors  analysis  of  entire  hoisting  system 

•  \  «rifl .  ution  testing  of  rope  handling  characteristics 

•  Design  S'^d  fabrication  of  high  performance  hoist 

e  Design  fabrication  of  improved  traction  sheave  for  rope  lowering 
e  Comprehensive  testing  of  hoist  system  prior  to  military  potential 
tests 
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Section  1 
INTRODUCTION 


NEED  FOR  IMPROVED  HOIST 


The  ascent  and  descent  speed  of  existing  helicopter  hoists  employed  by  the 
U.  S.  Army  in  medical  evacuation  and  rescue  service  is  limited  to  approxi¬ 
mately  100  fpm.  During  hover,  the  helicopter,  its  personnel,  and  the  res- 
cuee  are  highly  vulnerable  to  enemy  attack.  This  vulnerability  can  be  re¬ 
duced  by  increasing  the  operating  speed  of  the  hoist  so  as  to  minimize  hover 
time.  The  existing  limitation  in  hoist  speed  is  imposed  basically  by  con¬ 
straints  on  available  power  from  the  helicopter  and  by  the  need  for  keeping 
the  weight  of  the  hoist  to  a  minimum.  The  conflicting  requirements  for 
holding  power  consiunption  and  system  weight  to  present  levels  while  sub¬ 
stantially  increasing  hoist  speed  can  only  be  met  by  the  incorporation  of  an 
energy  storage  system  into  the  hoist.  Thus,  energy  could  be  taken  from  the 
aircraft  electrical  system  enroute  to  a  rescue  mission  and  stored  for  use  in 
effecting  high  power  retrieval  operations. 


The  constraints  imposed  on  the  weight  of  the  present  hoist  have  necessitated 
operation  of  the  electric  drive  motor  into  its  overload  rating  even  for  1  )0 
fpm  hoisting  operations.  Thus,  only  a  limited  duty  cycle  is  available  prior 
to  the  need  to  wait  for  the  motor  to  cool.  This  limitation  can  result  in  the 
need  for  added  hovering  or  circling  time  to  a  rescue  mission. 


With  the  hoist  powered  by  stored  energy,  the  full  capabilities  of  the  air¬ 
craft's  electrical  and  hydraulic  systems  are  available  for  electronic,  con¬ 
trol  boost,  il'umination,  and  other  equipment  which  may  be  required  to 
function  during  medical  evacuation  and  rescue  operations. 


1-1 


With  a  substantially  increased  hoisting  speed;  less  hover  time  is  required 
to  pick  up  a  given  number  of  men  from  a  given  height.  This,  in  turn, 
reduces:  (a)  power  taken  from  the  engine,  (b)  the  probability  of  an  engine 
failure  during  hover,  (c)  mission  time,  (d)  fuel  consumption,  and'(e)  attri' 
tion  due  to  enemy  action.  Conversely,  more  men  can  be  evacuated  from  a 
given  spot  before  hostile  action  is  brought  against  the  hovering  or  loitering 

I 

aircraft.  High  speed  hoists  can  make  rescue  operations  from  higher  hover 
heights  feasible  where  this  is  desired. 

During  rescue  or  evacuation  hoist  operations  (whether  in  a  combat  zone  or 
not),  the  helicopter  is  almost  always  in  an  undesirable  operating  region,  as 
defined  by  the  so-called  "dead  nuin's  curve."  To  illustrate  this  point,'  the 
Height-Velocity  Diagram  for  a  UH-ID  aircraft  is  shown  in  Fig.  1-1.  It  may 
be  seen  that  except  for  hovering  operations  in  a  very  high  wind,  the  aircraft 
is  in  an  unsafe  operQ.ting  zone  during  rescue  operations  where  an  engine 
malfunction  would  result  in  loss  of  aircraft  and  cre^.  '  ■ 

KINETIC  ENERGY  AS  A  SOLUTION 

I  •  * 

In  the  search  for  a  practical  energy  storage  means  with  near-term  avail¬ 
ability  which  would  be  suitable  for  the  helicopter  hoist  application,  consider* 
ation  was  given  to  several  techniques.  Most  of  these  applicable  techniques 
have  been  previously  applied  to  vehicle  prbpulsion.  Recent  studies  (1  rnd 
2)*  and  hardware  development  programs  (3  and  4)  have  resulted  in  charac¬ 
teristics  data  based  on  presently  available  energy  storage  systems  in  suit¬ 
able  form  for  comparative  evaluation.  A  summary  tabulation  of  these  data 
is  shown  in  Table  1-1. 

The  excellent  match  of  kinetic  energy  storage  characteristics  to  the  high 
performance  hoist  demands  became  obvious  on  the  bas»  of  the  comparative 
data  with  other  storage  techniques.  The  flywheel  can  provide  highly  accept- 


■^Numbers  in  parentheses  designate  references  which  are  listed  in 
Section  10  of  this  report. 
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Fig.  1-1  Height-Velocity  Diagram  for  UH-ID 
(Density  Altitiide  =  2,  300  ft) 


Figure  1-1 
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Tabic  1-1 

ENERGY  STORAGE  COMPARISON 


Storage  Phenomena 

Energy 

Density 

(whr/lb) 

Power 

Density 

(w/lb) 

Deep  J!75%) 
Discharge  Cycle 
Life  (Cycles) 

Compression  of  Gases 

1.51 

>5000 

>  10^ 

Hydraulic  Accumulator 

3.5 

>5000 

>10^ 

Elastic  Deformation: 

Steel  Spring 

0.04 

>1000 

>10"^ 

Natural  Rubber  Band 

4.  00 

35 

1000-5000 

Electrochemical  Reaction: 

Lead-Acid  Battery 

8 

35 

300-500 

Nickel- Cadmium  Battery 

14 

35 

1000-3000 

Kinetic  Energy: 

Maraging  Steel  Flywheel 

25 

>5000 

>10'^ 

AISI  4340  Steel  Flywheel 

15 

>5000 

>10' 

able  energy  density  levels  which  favor&bly  influence  hoist  weight  or  operat¬ 
ing  duty  cycle.  At  the  same  time,  the  flywheel  can  provide  high  levels  of 
power  to  make  available  the  high  power  required  for  high  speed  retrievals 
which  is  desirable  in  helicopter  rescue  operations.  The  high  flywheel  energy 
density  makes  possible  rapid  recharging  or  spin-up.  In  addition,  the  T.y- 
wheel  has  almost  unlimited  deep  discharge  cycle  life  which  is  fully  i^umpati- 
ble  with  the  10-year  design  service  life  requirements  of  military  equipment. 
The  review  of  comparative  data  presented  in  Table  1-1  revealed  die  flywheel 
to  be  the  only  practical  energy  storage  means  with  the  desired  combination 
of  characteristics. 

The  effectivity  provided  by  the  use  of  flywheel  energy  storage  in  the  hoist 
system  offers  several  operational  advantages  for  medical  evacuations  and 
rescue  operations.  For  example,  the  energy  stored  in  the  flywheel  can  be 
discharged  rapidly  to  effect  high  cable  speeds,  and  can  be  charged  as  slowly 


A 
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as  desired.  This  being  the  case,  the  storing  of  energy  can  be  accomplished 
by  using  a  smaller  portion  of  the  electric,  hydraulic,  or  mechanical  power 
available  within  the  aircraft.  Furthermore,  the  flywheel  system  can  con¬ 
tinue  to  operate  in  case  of  failure  of  an  aircraft's  electrical  or  hydraulic 
systems. 

PURPOSE  OF  DESIGN  STUDY  AND  TRADEOFFS  PROGRAM 

The  first  phase  of  the  High  Performance  Helicopter  Hoist  Program  which  is 
described  in  this  report  is  intended  to  provide  design  study  information  and 
technical  tradeoffs  data  suitable  to  determine  the  feasibility  of  applying 
kinetic  energy  storage  to  an  improved  helicopter  hoist  capable  of  being  used 
by  the  U.  S.  Army  aboard  helicopters  presently  in  the  field  as  well  as  anti¬ 
cipated  new  helicopter  systems.  The  major  thrust  of  this  program  is  directed 
toward  improvement  of  medical  evac\:ation  operations  in  combat  zones  al¬ 
though  attention  is  given  to  supply  and  rescue  missions  involving  lowering 
and  lifting  of  personnel  and  strategic  materiel. 

The  specific  objectives  of  the  design  study  and  tradeoffs  program  are  the 
following: 

•  Assessment  of  the  operational  deficiencies  of  the  present  U.  S. 

Army  helicopter  hoist,  medical  evacuation  methods,  and  rescue 
ancillaries 

•  Determination  of  the  helicopter /hoist  interfaces  and  constra-nts 
especially  for  the  UH-IH  helicopter  as  currently  used  for  medical 
evacuation  missions 

•  Assistance  to  the  U.  S.  Army  Land  Warfare  Laboratory  (USALWL) 
in  establishing  realistic  military  characteristics  for  a  high  speed 
utility  helicopter  hoist 

•  Review  of  flywheel  technology  to  determine  the  optimtun  capacity 
and  configuration  of  the  flywheel  assembly  for  the  hoist 


Determination  of  the  moet  feasible  drive  configuration  for  the 
flywheel  and  cable  handling  systems 

Preparation  of  preliminary  layouts  of  the  optimum  high  perform¬ 
ance  hoist  assembly 

Recommendation  of  subsequent  program  phases  (if  feasibility  is 
shown)  leading  to  a  prototype  hoist  suitable  for  military  potential 
testing. 
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Section  2 

Approach 


The  High  Performance  Helicopter  Hoist  Phase  I  Program  conducted  for  the 
USALWL  was  intended  to  be  an  objective  assessment  of  the  feasibility  of  an 
improved  utility  hoist  using  kinetic  energy  storage.  The  technical  approach 
followed  by  Lockheed  Missiles  &  Space  Company,  Inc.  (LMSC)  in  conducting 
this  program  is  described  in  the  succeeding  paragraphs. 

PRESENT  EQUIPMENT  AND  OPERATING  PROCEDURES 

At  the  beginning  of  the  program  an  examination  was  made  of  the  present 
rescue  hoist  and  its  operation.  This  investigation  included  the  helicopter, 
boom,  traction  sheave,  pendant,  swivel,  intercom  system,  hook,  jungle 
penetrator,  etc. ,  as  well  as  the  hoist  itself.  To  gather  data  on  the  present 
system  trips  were  made  to  U.  S.  Army  Combat  Developments  Command 
(USACDC),  Fort  Belvoir,  Virginia;  USACDC  Medical  Service  Agency,  Fort 
Sam  Houston,  Texas;  Crissy  Field,  Sixth  Army  Headquarters,  San  Fran¬ 
cisco  Presidio  (three  trips);  and  Bell  Helicopter  Company,  Fort  Worth, 
Texas.  An  additional  trip  was  made  to  Western  Gear  Company,  Lynwood, 
California,  to  inspect  a  next- generation  hoist  which  is  under  developm  jnt. 

A  Breeze  hoist,  used  in  the  present  system,  was  requisitioned  by  USALWL 
for  LMSC  use  and  tests  were  conducted.  A  mockup  of  the  UH-IH  cabin 
area  was  made  and  the  hoist  installed  for  space,  time,  and  motion  evalua¬ 
tions.  From  this  review  of  the  present  system  it  was  concluded  that  the 
program  should  be  widened  in  scope.  The  modified  approach  used  in  con¬ 
ducting  the  Phase  I  program  is  shown  iii  the  flow  diagram  of  Fig.  2-1.  The 
present  hoist  system  review  made  it  apparent  that  present  equipment  falls 
short  of  meeting  even  current  requirements  in  terms  of  performance  and 
reliability.  From  this  it  was  concluded  that  the  techniques  and  materials 
presently  employed  could  not  be  projected  to  achieve  the  performance 
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desired  in  a  next  generation  rescue  hoist.  Not  only  should  new  technology 
be  applied  to  the  power  supply,  but  also  to  the  hoisting  line  and  line  handl¬ 
ing.  Although  not  inclvided  in  the  scope  of  the  present  study,  a  well- 
balanced,  high  performance  hoist  system  should  eventually  include  improve¬ 
ments  in  the  man-machine  interfaces  such  as  evacuee  attachment  and  ope¬ 
rator  controls. 

The  review  of  present  equipment  and  its  operation  also  formed  a  basis  for 
judgements  as  to  the  degree  of  improvement  which  could  be  reasonably 
expected  of  the  next  generation. 

POWER  COMPONENT  PARAMETERS 

Based  cn  the  desired  improvement  in  the  state  of  the  art,  typical  mission 
scenarios  were  defined  by  LMSC  in  conjunction  with  USALWL.  Testing  with 
human  subjects  verified  the  feasibility  of  increased  hoisting  rates  which 
interviews  with  Army  personnel  with  a  variety  of  experience  indicated  to  be 
desirable.  The  number  of  lifts  per  hover,  the  loads,  and  the  height  of  the 
lift  established  the  mission  hoist  ;iergy  requirement. 

Energy  for  the  high  performance  hoist  is  supplied  by  the  helicopter  turbine 
engine-driven  generator  which  powers  the  electric  hoist  motor.  The  motor, 
in  turn,  drives  the  flywheel  which  stores  energy  to  provide  for  peak  power 
demands.  In  this  manner  the  performance  drawbacks  of  the  present  hoist 
motor  are  overcome.  The  shunt-type  motor  chosen  for  this  drive  has  a 
fixed  maximum  speed  making  runaway  impossible.  Inasmuch  as  the  motor 
is  not  required  to  operate  in  an  overload  condition  during  heavy,  high  lifts, 
it  is  no  longer  necessary  to  wait  to  cool  between  hoist  cycles.  Estimates 
of  hoist  dwexl  times  between  lifts  which  assiimed  continued  use  of  present 
ovacuec  attachment  equipment  and  techniques  were  made  in  proportioning 
the  motor  and  the  flywheel.  Based  on  the  scenarios  the  output  of  the  motor 
was  established  as  well  as  the  storage  capacity  of  the  flywheel,  and  a  motor 
specification  was  written. 
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A  computer-aided  analysis  presented  a  spectrum  of  flywheel  candidates, 
which  were  of  a  modified  hyperbolic  shape*  selected  for  its  minimum  weight 
characteristic.  A  number  of  these  candidates  were  eliminated  by  a  maxi¬ 
mum  diameter  constraint  imposed  by  the  requirement  that  the  bulkiness  of 
present  equipment  not  be  exceeded.  Selection  of  the  flywheel  was  made 
based  on  a  two-to-one  usable  speed  ratio,  which  was  judged  to  retain  a 
reasonable  zeserve.  A  review  was  made  to  assure  that  the  design  speed 
was  well  within  seal  and  bearing  limits.  The  flywheel  material  was  selected 
to  provide  the  low  stress  level  required  by  a  safety  analysis. 

HOISTING  LINE  INVESTIGATION 


In  broadening  the  scope  of  the  High  Performance  Hoist  Program,  invest!" 
gation  was  made  into  hoisting  line  materials  and  hoisting  line  handling  tech¬ 
niques.  This  investigation  was  in  the  form  of  literature  search,  vendor 
contact,  and  shop  testing.  In  the  test  evaluation  special  attention  was  given 
to  the  capstan  drive  (at  both  present  and  desired  speeds)  and  to  3/16  in. , 
19x7  nonrotating,  stainless  steel  wire  rope,  since  they  were  bases  for 
comparisons.  In  addition  to  other  types  of  wire  rope,  various  synthetic 
ropes  and  webbings  were  included.  Webbing  had  the  distinct  attraction  of 
avoiding  the  level  winding  problem.  Tests  and  other  types  of  evaluation  of 
hoisting  zziaterials  included  an  examination  of  the  following  characteristics; 


Elongation 

Shock  attenuation 

Traction 

Cold  flow 

Speed  capability 

Bending  fatigue 

Abrasion  resistance 

Frictional  heating 

Fleeting 

e  Stretch  indticed  spin 


Rotational  damping 
Bounce  damping 
Torsional  stiffness 
Whipping 

Fleeting  characteristics 
Spooling  characteristics 
Kinking 

Extreme  temperature  effects 
Cut  vulnerability 
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DESIGN  LAYOUT' 

A  preliminary  design  layout  was  nmade  using  the  motor  specification  and  the 
characteristics  selected  for  the  flywheel.  The  flywheel  housing,  ancillary 
equipment,  gear  reductions,  brake,  clutch,  and  storage  drum  were  included. 
The  storage  drum  inner  and  outer  diameters  (and  hence  the  total  reduction 
ratio)  were  both  dependent  on  the  hoist  line  material  selection.  Design  de¬ 
cisions  were  made  to  use  a  controllable  dissipative  clutch  and  spur  gearing 
reduction.  Layout  variations  were  established,  using  this  basic  "power 
pack"  assembly,  to  indicate  aircraft  installation  options,  such  as  pylon  and 
separate  imit  mountings  and  hoist  line  handling  and  material  options. 
USALWL  and  LMSC  jo’ned  in  selecting  from  these  variations  the  most 
promising  combination  recommended  for  design,  fabrication,  and  testing  of 
a  prototype  hoist  in  a  subsequent  program  phase. 
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Section  3 

REQUIREMENTS  STUDY 

The  principal  areas  of  study  necessary  to  define  the  operational  require¬ 
ments  of  the  high  speed  helicopter  rescue  hoist  are  described  in  the  follow¬ 
ing  paragraphs. 

HOIST  CONTROL  REQUIREMENTS 


% 

>: 


IS 

I 


The  rescue  hoist  is  a  part  of  a  large,  complex,  integrated  man-machine 
system  consisting  of:  the  crew  aboard  the  aircraft;  the  helicopter;  ground 
personnel  and  equipment  at  the  aircraft’s  home  base;  commiinication  equip¬ 
ment;  a  variety  of  devices  for  attaching  the  evacuee;  and,  ground  personnel 
at  the  rescue  site. 


The  pilot  has  communication  links  with  his  copilot,  his  home  base,  the  hoist 
operator,  and  groiuid  personnel  at  the  rescue  site.  He  also  controls  a  guil¬ 
lotine  switch  for  cutting  the  hoisting  line  in  case  of  an  emergency. 

The  hoist  operator  is  in  communication  with  both  the  cockpit  and  the  ground. 
In  addition  to  the  guillotine  switch,  he  also  controls:  a  3-way,  variabli 
switch  for  f.scent,  stop,  and  descent;  a  2-way  switch  for  extending  and  re¬ 
tracting  the  hoist  boom,  and  a  hoist  on-off  switch  over  and  above  these 
operator  actuated  controls,  the  machine  itself  performs  various  automatic 
control  functions.  The  hoist  units,  which  are  eventually  controlled,  are 
the  drive  motor,  boom  actuator,  clutch,  brake,  descent  drive,  and  guillo¬ 
tine. 

The  following  typical  hoist  operations  indicate  the  interrelationship  of  man¬ 
ual  and  automatic  controls. 
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Descent  Command 

With  the  storage  drum  stopped,  the  flywheel  declutched,  and  the  hoist  line 
either  fully  or  partly  reeled  iU;  the  operator  moves  the  control  switch  in 
the  "descent"  direction  releasing  the  brake  and  gradually  increasing  the 
payout  speed  by  actuating  a  variable  speed  drive  (separate  from  the  ascent 
drive).  Descent  speed,  from  creep  to  maximum,  is  regulated  by  the  con¬ 
trol  unit  utilizing  a  tachometer  which  senses  line  speed  and  provides  feed¬ 
back  data  to  the  control  loop.  This  provides  for  variations  in  load  from 
zero  to  maximum  weight. 

Ground  Proximity  Problem 

Consideration  was  given  to  the  problem  of  a  partly  payed  out  load  impacting 
the  ground  at  or  near  maximiun  descent  speed.  The  load  could  conceivably 
be  a  human,  fragile  cargo,  or  durable  cargo.  The  maximum  descent  rate 
which  has  been  selected  would  be  roughly  equivalent  to  a  one-foot  free  fall, 
which  would  not  be  a  problem  for  durable  cargo.  It  is  not  anticipated  that 
injured  men  wovild  be  lowered  un  the  line,  and  a  trained,  able-bodied  soldier 
wo\dd  be  subjected  to  only  the  equivalent  of  jumping  off  a  one -foot  step. 
Furthermore,  in  the  case  of  clear  visibility  the  man  being  lowered  can  use 
an  arm  signal  to  decelerate  in  close  proximity  to  /round.  Fragile  cargo 
should  be  either  packaged  to  attenuate  shock,  or  lowered  to  a  man  on  tl.e 
ground  who  has  radio  communication  with  the  aircraft.  This  man  on  the 
ground  can  indirectly  command  deceleration  at  the  proper  moment. 

Deceleration  at  End  of  Line 

The  lowering  of  a  load  until  the  end  of  the  line  is  reached  is  a  special  case. 
Not  only  will  a  limit  switch  signal  the  stopping  of  ^he  reel  (brake  on  —  descent 
drive  oil)  before  the  end  of  the  line  is  payed  out,  but  a  transducer  will  signal 
for  an  sutomatic  deceleration  and  stop  several  feet  before  the  end  of  the 
line  is  reached,  preventing  an  abrupt  jerk. 
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Ascent  Command 

With  the  storage  drum  Qtopp>tid,  ?he  flywheel  declutched,  and  the  hoist  line 
either  fully  or  partly  payed  out,  ^e  operator  moves  the  control  in  the 
"ascent"  direction.  The  brake  is  autonnaticaliy  disengaged  and  the  clutch 
engaged  to  accelerate  and  lift  the  load.  The  acceleration  rate  is  automatic- 
ally  controlled  not  to  exceed  Q.  3  g  and  jerk  not  to  exceed  0.  3  g,  even  in  the 
event  the  operate?  pushes  the  switch  to  full  speed.  These  rates  were  estab¬ 
lished  to  be  compatible  with  human  comfort  (11).  Maximum  speed  will  be 
directly  proportional  to  flywheel  speed,  allowing  a  two-to-one  variation, 
depending  on  the  energy  level  of  the  flywheel  at  a  given  instant.  Until  this 
flywheel  related  speed  is  reached,  speed  is  controlled  by  the  ascent  control 
unit,  compensating  for  differences  in  load  weights. 


Mid-Ascent  Problems 


Although  minimum  hoisting  time  is  achieved  by  bolding  the  ascent  control 
full  on,  problems  may  occur,  especially  in  wooded  areas.  In  the  event  of 
such  u  problem,  the  operator  can  manually  vary  the  ascent  rate  from  full 
on  to  creep,  or  even  bring  the  hoist  to  a  full  stop.  This  technis^ue  of  using 
a  slow  reel-in  can  be  used  to  take  up  slack  in  a  line  attached  to  a  load  resting 
on  the  ground  before  going  into  full  speed. 

Deceleration  at  Full  Reel-In 


As  the  human  or  cargo  load  approaches  the  helicopter  skid  gear,  full-speed 
operation  becomes  more  hazardous.  A  transducer  senses  the  amount  of 
line  remaini'^ig  payed  out  and,  at  the  proper  position  of  the  load,  begins  an 
automatic  ascent  deceleration  program.  The  ascent  control  gradually  re¬ 
leases  the  flywheel  clutch  and  engages  the  brake.  Speed  is  controlled,  com¬ 
pensating  for  differences  in  weights  of  the  load.  A  limit  switch  at  fuU  reel- 
in  fully  engages  the  brake  and  fully  disengages  the  flywheel  clutch. 
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IHOZST  PERFORMANCE  REQUlREMfS^TS 

A  ■•ties  of  helicopCor  hoiat  raaeoe  miaaion  accnarioa  were  defineil  for  the 
purpoae  of  eatehliahing  the  helicopter  hoiat  performence  re<|ttiremeat8. 

The  atocty  iaciuded  the  fcilowiiog  parametera: 

e  Lift  hei|^t 
e  Li^  speed 

•  Weight  per  lift 

e  Total  weight  lifted  par  miaaion 
e  Dwell  time  at  top  and  bottom  of  lift  cycle 
s  Energy  input  to  hoiat  from  helicopter 

•  Flywheel  energy  requirements 

Table  3-1  aummarises  12  of  the  miaaicn  acenarioa  conaidered.  Theaf«  were 
presented  to  the  USLALWL  project  officer  and  a  sntatuai  concluaios  arrived 
at  between  USALWL  and  LMSC  selecting  mission  aeonario  aa  ty}»i> 
cal  rescue  mission.  This  scenario  consists  of  five  200>ib  lifts  followed  by 
two  400>lb  lift  in  rapid  succession  for  a  total  lifted  weight  of  i,  800  lb.  Avo" 
rage  lift  speed  is  500  ft/min. 

ENERGY  STORAGE  REQUIREMENTS 

Having  established  scenario  D  as  the  selected  mission,  energy  requirements 
for  the  hoist  were  computed  using  the  following  assumptioas: 

e  Drive  motor  oiM^»at  «  2  hp  contiLnootas 

e  Total  losses  from  motor  to  flywheel  {iacludiag  ail  ancillary 
losses)  «  1  hp  maximum 

e  Flywheel  to  heist  ho^  effieienty  *  80  percent 
9  Maximum  hoist  height  »  210  ft 

e  Average  hoist  or  lower  rate  »  8. 33  It/sec  or  500  ft/min. 
e  h^hmimum  load  s  600  lb  for  one  hoist  per  mission 
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WORST  CASi:  MisskoN  SCa9?ARK>S 


Scenario 

No. 

of  Hoist  Operations 

Weight 

Hoisted 

(lb) 

200  Lb 

400  Lb 

600  Lb 

Total 

A 

9 

0 

) 

0 

9 

1,800  ' 

B 

7 

1 

0 

8 

1.800 

C 

6 

0 

1 

7 

1.800 

D. 

5 

2 

0 

7 

1.800 

E 

4 

1 

1 

6 

1.800 

F 

3 

3, 

0  . 

6 

1.800 

C 

2 

2 

1 

5 

1.800 

H 

1 

4  ‘ 

0 

5 

1.800 

I 

0 

3 

1 

4 

1.800 

J 

0 

2 

1 

3 

1.400 

K 

0 

1 

1 

2 

1.000 

L 

1  0 

0 

1 

1 

J 

Hotos: 

1 .  Asc^me  600.1b  hoist  is  always  accomplished 

last.  , 

2.  Assume  all  hoists  are  210  it  at  8.  33  ft/sec 
average  rate. 

3.  Energy  considerations:  , 

Energy  input  to  flywheel  »  w-hr/min. 

Hoistiz^  energy  in  w.hr  >  Wei|^t'  (hei|^t)/2, 655 
Flywheel  energy  in  w.hr  » 

^iaadmum  hoist  or  lowering  time  s  «  0. 42  min. 
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•  jOwell  times  at  top  and  bottom  are  the  following: 

Load  (lb)  X>well  Time  (min. ) 

200  0. 25 

400  0. 50 

600  1.00 

(Note:  No  Dwell  Time  is  required  at  top  prior  to  the  first  or 
after  the  last  hoist) 

Energy  requirements  are  as  follows: 

Hoisting  energy  142.  37  w/hr 

Flywheel  energy  177.  97  w/hr 

Energy  into  flywheel  during  mission  122.  64  w/hr 
Flywheel  usable  energy  55. 13  w/hr 

Table  3>2  stimmarizes  the  energy  calculations  for  all  12  missions. 

HUMAN  FACTORS  CONSIDERATIONS 

A  cursory  human  factors  engineering  evaluation  of  the  personnel  rescue 
hoist  currently  in  operational  use  by  the  Army  was  conducted  during  Phase 
I.  The  primary  objective  of  this  evaluation  was  to  determine  whether  or  not 
the  hoist  is  designed  to  permit  the  operator  to  do  hia  job  with  efficiency, 
speed,  and  safety.  This  evaluation  involved:  (1)  operation  of  the  equipment, 
(2)  observation  of  others  operating  and  being  hoisted  by  the  equipment,  (3) 
interviews  with  active-duty  Army  helicopter  crew  members  and  medical 
personnel  who  have  been  involved  in  rescue  operations  in  Southeast  Asia 
using  this  equipment  or  other  methods,  and  (4)  reviews  of  hoist  and  UH-IH 
publications,  it  rapidly  became  apparent  that,  so  far  as  the  hoist  itself  is 
concerned,  deficiencies  in  performance  that  led  to  the  award  of  this  contract 
are  related  to: 

•  Problems  of  design 

e  Problems  of  integration  into  the  UH-1  family  of  helicopters 

•  Problems  of  application  in  the  field 
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It  also  became  apparent  that  the  blame  for  tmsatisfactory  operation  in  the 
field  sliould  not  rest  entirely  with  the  hoist.  The  hoist  is  only  one  component 
of  the  total  "rescue  system"  that  is  required  to  affect  recoveries  of  imperiled 
troops  or  downed  airmen.  Other  components  of  this  total  "system"  are 
equally  responsible  for  unacceptable  delays  in  extracting  rescues  from  the 
ground  through  jungle  canopy  or  tree  lines,  and  for  the  added  risks  such 
delays  impose  on  the  helicopter,  its  crew,  and  the  rescuees  who  may  already 
have  been  taken  aboard.  In  other  words,  making  a  better  hoist  is  not  going 
to  solve  the  whole  problem,  even  though  a  more  durable,  reliable,  maintain¬ 
able,  and  operable  hoist  design  is  required  for  this  application.  An  overview 
of  the  "rescue  system"  concept  will  clarify  this  point  and  disclose  what  can 
he  done  to  improve  the  personnel- related  elements  of  the  hoist  itself  as  well 
as  hardware- related  design  or  performance  deficiencies. 

An  "optimised  rescue  system"  capable  of  meeting  ail  of  the  Army’s  opera¬ 
tional  requirements  in  Viet  Nam  is  shown  schematically  in  the  left-hand 
column  of  Fig.  3-1.  All  of  the  elements  of  an  idealized  system,  as  shown 
in  Fig.  3-2,  are  represented  in  this  concept  of  the  point-design  rescue  sys¬ 
tem.  These  include  a  jpecially-designcd  aircraft;  an  optimized  hoist  sub¬ 
system  integrated  fully  with  the  airframe,  powcrplant,  crew  compartment 
arrangement,  and  aircraft  performance /stability  envelope;  optimized  crew 
stations;  trained  and  q^iali^ied  personnel  equipped  with  the  necessary  per¬ 
sonal  restraint  and  protective  gear;  adequate  logistic  support;  and  rescuees 
who  are  familiar  with  their  responsibilities  in  preparing  for  and  collaborating 
in  their  safe  and  expeditious  rescue  from  the  combat  scene.  All  of  the  ele¬ 
ments  of  this  system  arc  developed  together  as  a  matched  set  so  they  will 
function  together  in  a  highly  efficient  manner  with  minimal  risk  to  personnel 
and  equipment. 

Obviously,  this  ideal  system  departs  significantly  from  the  ireal  world  of 
operational,  economic,  and  time  constraints.  Some  of  these  realities  and 
constraints  are  listed  in  the  center  column  of  Fig.  3-1.  They  are  the  causes 
or  the  effects  of  the  rescue  system  as  it  exists  operationally  today.  This 
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existing  system  is  simply  an  overlay  of  hardware,  procedures,  and  doctrine, 
a  collateral  assignment,  as  it  were,  for  helicopter  units  in-being,  hastily 
assembled  to  meet  an  urgent  but  relatively  infrequent  need  in  the  combat 
zone  —  a  need  not  sufficiently  compelling  to  warrant  the  dedication  of  specific 
aircraft,  crews,  and  equipment  to  do  the  job  wherever  it  might  have  to  be 
done  within  the  combat  radius  of  the  assigned  helicopter  type.  This  existing 
system,  comprising  people,  hardware,  and  the  procedures  for  its  use  and 
maintenance,  is  shown  schematically  in  the  right-hand  column  of  Fig.  3-1. 
When  the  "optimal  rescue  system"  is  compared  side-by-side  with  the  exist¬ 
ing,  it  is  obvious  that  the  present  assembly  of  components  will  not  achieve 
the  performance  of  the  specially-designed  system.  Even  though  this  is 
readily  apparent,  certain  remedial  actions  can  be  taken  to  improve  the  sys¬ 
tem  in  operational  use  today. 

Two  avenues  are  available  for  improving  performance.  One  involves  im¬ 
provements  in  the  design  of  hardware  subsystems.  The  second  avenue  avail¬ 
able  relates  to  the  Personnel  System,  which  the  Army  defines  as  the  Human 
System  Components  and  all  of  the  aspects  of  design,  personnel  selection, 
training,  job  performance  aids,  and  human  performance  testing  necessary  to 
assure  that  Army  personnel  will  do  their  jobs  accurately,  rapidly,  and  safely, 
and  with  minimal  demands  upon  supporting  organizations.  The  five  elements 
comprising  the  Personnel  Subsystem  (PS)  concept  are  illustrated  in  Fig.  3-2, 
together  with  the  questions  these  PS  elements  are  designed  to  answer  r'uring 
the  system  development  process.  In  effect,  the  PS  concept  (in  use  'vithin 
DoD  since  the  mid-Fifties)  treats  both  people  and  hardware  as  system  com¬ 
ponents.  As  with  hardware  components,  people  can  be  selected  for  their 
suitability  to  perform  required  functions,  they  can  be  modified  through  train¬ 
ing  to  achieve  improved  performance  or  additional  capabilities  not  available 
in  the  "off-the-shelf  design, "  and  they  can  be  tested  to  assure  satisfactory 
performance  as  part  of  a  man-machine  system.  Although  this  is  an  over¬ 
simplification  of  the  concept,  the  potential  for  improving  the  performance  of 
any  system  lies  at  least  in  part  in  improving  the  performance  of  the  human 
components.  Figure  3-3  illustrates  this  parallel  in  outline  form. 
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Since  improvements  in  system  performance  can  be  achieved  by  modifying 
either  the  hardware  or  the  human  components  or  both,  several  degrees  of 
freedom  are  available  in  selecting  remedial  actions.  Figure  3-4  traces  a 
path  through  a  series  of  possible  modifications  in  the  Pcrscnnel  Sub8y8tenr< 
and  hardware  subsystems,  any  one  of  which  has  the  potential  of  improving 
performance.  Note  that  most  of  the  PS  modifications  involve:  (1)  increasing 
the  knowledge  or  skills  of  the  rescuees  by  training,  briefing,  better  printed 
(or  painted)  instructions,  or  voice -communicated  instructions,  or  (2)  in¬ 
creasing  hoist  operator  performance  by  improving  his  knowledge  and  skills 
by  training,  practice  in  operations,  and  improved  job  performance  aids. 
Since  human  factors  engineering  is  the  hardware -oriented  PS  element,  im¬ 
provements  in  the  design  of  the  rescue  device  and  the  hoist  and  its  related 
components  can  also  enhance  rescuee  and  operator  performance.  Some  of 
these  remedial  actions  are,  perhaps,  beyond  the  scope  of  the  USAJLWL  mis¬ 
sion.  Most  that  are  directly  related  to  the  design  of  the  hardware  and  the 
procedures  for  its  use  are  not.  The  main  thrust  of  this  an**,  future  phases 
should  therefore  concentrate  on  these  remedial  actions  until  such  time  as 
an  optimal  system  is  established  as  a  firm  requirement  by  the  Army. 

Problem  of  Design 

As  stated  above,  evaluations  of  the  existing  hoist  and  the  procedures  for  its 
use  disclosed  several  operability  problems  related  to  hardware  design.  The 
most  significant  of  these  are  listed  below: 

1.  Manual  hoist  controls  incorporated  into  the  control  handle/cable 
assembly  are  designed  for  left-hand  operation.  Since  the  left 
hand  is  frequently  used  to  guide  or  to  provide  tension  on  the  cable, 
hoist  controls  are  frequently  operated  by  the  right  hand,  just  the 
opposite  of  what  they  were  designed  for. 

2.  Control  "feel"  (feedback)  in  the  two- speed  rsmge  control  swtich  is 
poor.  The  "breakout"  force  to  switch  from  OFF  to  SLOW,  and 
from  SLOW  to  FAST  is  high,  making  "inching"  (small  movements 
of  the  cable)  difficult. 
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3-4  What  Can  Be  Done  to  Improve  System  Performance? 

(Degrees  of  Freedom  Available  in  Selecting  Remedial  Actions) 
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3.  Control  "feel"  in  the  intercom  switch  is  likewise  poor,  but  in 
this  case  because  it  is  soft. 

4.  There  is  no  direct  indication  of  tOe  length  of  cable  payed  out. 

5.  The  pyrotechnic  or  ballistic  cable  cutter  is  unreliable.  This 
is  a  Flight  Safety  requirement;  aircraft  have  been  lost  because 
a  jungle  penetrator  or  other  recovery  device  has  caught  in  trees 
and  neither  the  hoist  operator  nor  the  pilot  was  able  to  cut  the 
cable  to  prevent  upsetting. 

Exposed  hoist  mechanisms  arc  potentially  hazardous  and  visually 
distracting  during  operations.  They  are  easy  to  damage  acci¬ 
dentally  or  williully,  if  an  operator  wishes  to  abort  a  mission. 

The  need  to  provide  tension  on  the  cable  and  to  control  the  hoist 
simultaneously  forces  the  hoist  operator  to  lean  way  out  ot  the 
compartment.  Poor  downward  visibility  usually  requires  him  tc 
do  the  same  thing.  This  is  a  stressful  operation  at  best,  requir¬ 
ing  ultimate  confidence  in  the  restraint  harness  and  safety  strap 
assembly  that  connects  him  to  aircraft  structure.  The  hoist  itself 
does  not  offer  an  obvious  and  convenient  hand  hold  for  hanging  on. 

8.  The  hoist  boom  swings  into  the  area  needed  by  the  operator  to 
man-handle  rescuees  into  the  aircraft. 


6. 


7. 


Problems  of  Integration 

Certain  problems  associated  with  hoist  operation  have  arisen  because  of  the 
requirement  to  install  the  unit  in  the  UH-1  family  of  helicopters.  These  are 
referred  to  as  problems  of  integration: 

1.  Installation  and  assembly  of  the  hoist  by  one  man  in  one  hour  is 
desired  by  TM  55-1520-210-10,  Operator's  Manual,  Army  Model 
UH-ID/H  Helicopters,  and  UH-1 -24,  Installation  and  Operating 
Instructions  -  Internal  Rescue  Hoist,  Revision  A,  dated  14  May 
1971.  The  hoist  assembly  exceeds  the  maximtun  weight  specified 
for  a  one-man  lift  in  MILi-STD-1472A,  Table  X,  however. 
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2.  The  tasks  of  the  hoist  operator  must  be  performed  in  squatting, 
stooping,  kneeling,  or  prone  positions  due  to  the  limited  internal 
height  of  the  UH-IO/H  cabin.  All  of  these  working  positions  are 
inefficient  for  man-nandling  rescuees,  and  lengthen  the  time 
required  for  installing  the  hoist  and  performing  personnel  rescue/ 
recovery  operations. 

3.  Instructions  for  installing  the  hoist  are  not  simple  or  particularly 
lucid.  Frequent  installation  and  removal  as  required  by  combat 
needs  does  decrease  the  time  required  to  perform  these  tasks 
because  of  learning  and  practice  effects.  Reductions  in  performance 
times  could  be  achieved  at  the  outset,  however,  by  utilizing  PIMO- 
formatted  operation  and  niaintenance  manuals  instead  of  conventional 
TM-formatted  manuals. 

4.  The  UH-1  skid-type  landing  gear  common  to  this  family  of  helicopters 
interferes  with  downward  visibility,  diminishes  penetrator  clearance  as 
the  cable  is  payed  out  and  retrieved,  interferes  with  the  rescuee  as 

he  is  being  brought  up  to  the  aircraft,  and  lengthens  the  time  de¬ 
voted  to  positioning  an  able-bodied  man  for  retrieval  into  the  air¬ 
craft  cabin.  The  skid  gear  seriously  impedes  retrieval  of  injured 
or  disabled  rescuees,  requiring  carefiil  positioning  and  rotating  on 
the  part  of  the  operator  to  prevent  the  rescuee  from  being  further 
injured  by  the  skid  gear;  this,  of  course,  introduces  further  delay 
a^id  lengthens  turnaround  time. 

5.  Thv;  jengt';  of  the  hook  anu  attached  rescue  device  Oungle  pene- 
tratox,  eiirsg,  oi  other  device)  is  such  that  the  rescuee  is  below 
the  level  the  cabin  deck  when  the  cable  is  fiUly  raised.  This 
also  results,  ut  delays  in  ^positioning  the  rescuee  for  retrieval 
(pulling/dragjriag)  into  tlie  aircraft. 

6.  The  jungle  penetrator  is  an  innovative  concept  and  apparently  the 
best  device  currently  available  for  extraction  of  rescuees  through 
tree-covered  ground.  Its  design  is  not  optimized  for  deployment 
and  mounting  without  assistance,  however,  and  its  appearance  is 
puszling  to  the  txntrained  user.  The  longest  delay  in  a  typical  mis- 
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8ion  timeline  is  due  to  the  time  necess&ry  to  figure  but  what  to  do 
with  it,  how  to  mount  it.  and  how  to  restrain  yourself  on  the  way 
up.  The  time  required  is  lengthened  for  a  two>man  lift,  even 
though  such  lifts  are  performed  infrequently.  Three -man  lifts  are 
never  tried  with  the  penetrator,  even  though  it  was  designed  for 
tliat  maximum  capability. 


f  Application 


Certain  problems  have  arisen  as  a  result  of  the  manner  which  the  hoist 
haa  been  used  in  the  field,  or  rather,  mis -applied.  As  suggested  above 
xmder  problems  of  design,  the  hoist  is  vulnerable  to  willful  negligence  or 
intentional  destruction  through  jamming,  over -temperature  operation  lead¬ 
ing  to  motor  failure,  and  intentional  breakage  because  vital  components  are 
exposed.  While  this  type  of  damage  cannot  be  entirely  eliminated,  redesign 
of  he  hoist  and  incorporation  of  protective  covers  can  result  in  significant 
reductions  in  downtime  and  improvements  in  equipment  availability  when 
rescue  missions  must  be  performed. 


The  performance  of  personnel  rescue  or  extraction  missions  is  hazardous 
under  the  best  conditions  in  a  non-hcstile  environment.  Under  combat  con¬ 
ditions,  dwell  time  in  hovering  flight  often  means  flirting  with  death.  Reduc¬ 
ing  the  time  required  in  hover  for  a  given  lift  is  therefore  a  critical  fa  ctor 
in  survivability.  The  lack  of  hoist  reliability  and  the  widespread  practice  of 
limiting  lifts  to  two  men  as  a  maximum  have  led  to  a  condition  of  "under 
using"  the  hoist.  In  other  words,  the  full  capacity  of  the  hoist/aircraft  is 
rarely  utilized  during  any  one  ground-to-alrcraft  lift  cycle,  thus  increasing 
the  number  of  cycles  and  the  time  required  to  rescue  a  given  mnnbe?  of  men. 
Overloading  the  hoist/aircraft  during  lifts  is  very  rare  because  of  the  up¬ 
setting  moment  imparted  to  the  vehicle  during  the  lift.  The  tendency,  then, 
is  to  underload.  The  only  way  of  knowing  what  impact  a  load  will  have  on  an 
aircraft  is  to  apply  collective  pitch  to  raise  the  load  off  the  ground  before 
hoisting  in  order  to  determine  whether  the  limits  of  aircraft  controllability 
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are  being  appsroached.  There  ia,  however,  no  way  oi  knowing  whelher  the 
limis  of  hoieting  capacity  ia  being  approached  Moreover,  there  is  no  way 
of  knowing  whether  the  hoist  is  reaching  its  limiting  temperature;  the  opeva- 
tor  dimply  has  to  comply  with  the  cautions  set  down  in  the  applicable  instruc¬ 
tions  in  order  to  avoid  an  over -temperature  condition.  Once  the  limited 
number  o£  consecutive  lifts  has  been  performed,  the  helicopter  must  fly 
around  ttmtil  the  hoist  motor  has  cooled.  Lack  of  direct  readings  of  caj^city 
remaining  and  of  temperature,  then,  results  in  further  delays  and  the  ex¬ 
penditure  of  precious  time  and  fuel  in  cooling  the  unit  before  contintdng  the 
rescue /extraction  mission. 

Human  Factors  Consideration  in  the  High  Performance  Hoist 

While  it  is  recognised  that  the  development  of  an  or^timised  '^rescue  system" 
(Fig.  3-1)  is  beyond  the  scope  of  this  effort  and  exceeds  the  mission  of  the 
USALWL,  significant  strides  can  be  made  in  the  achievement  of  improved 
performance  of  existing  system  elements,  including  the  hoist,  the  operator's 
controls  and  displays,  the  pendant  hook,  die  jungle  penetrator,  and  the  related 
peraonnel  subsystem  elements  that  do  fall  within  the  responsibility  of  the 
procuring  activity.  Many  of  the  problems  of  design,  integration,  and  appli¬ 
cation  reported  above  can  be  minimised  and  some  completely  eliminated 
through  the  prudent  application  of  the  systems  approach  and  related  human 
factors  engineering  principles  during  the  development  of  the  high  perfrrmance 
hoist  concept. 

Of  the  two  proposed  designs,  the  preferred  concept  shown  in  Fig.  7-21,  Sect.  7, 
was  evolved  on  the  basis  of  a  systems  approach.  It  incorporates  innovations 
that  eliminate  the  sources  of  some  of  the  problems  enumerated  above.  Place¬ 
ment  of  the  and  the  esetension  boom  at  opposite  sides  of  the  helicopter 
cabin  results  in  a  more  favorable  distribution  of  weight  about  the  longitudinal 
centerlines  of  the  aircraft  and  permits  the  boom  and  Integral  pulley  to  reach 
farther  out  of  the  cabin  than  with  either  die  existing  or  the  new  boom -mounted 
units.  Clearance  past  the  skid  gear  is  significantly  increased;  this  simplifies 
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the  task  of  raising  the  reacuee  up  to  the  threshold  of  the  cabin  and  drawing 
him  inside.  The  hoist  and  drive  unit  no  longer  consume  valuable  space  in 
the  primary  ingress  opening.  Their  separation  into  two  units  for  installa¬ 
tion  in  the  aircraft  results  in  smaller i.  lighter  units  tiiat  shpuld  be  easier 
for  one  man  to  install,  one  ftt  a  time.  ThiM  configuration  should  also  be  . 
more  versatile  than  the  existing  design,  permitting  installation  in  a  variety 
of  helicopters,  not  just  tlie  UH-1  family.  As  shown,  the  basic  design  of 
this  unit  w'iil  essentially  eliminate  design  problems  6  and  8  and  integration 
problems  1,  4,  and  5,  noted  above. 

An  electromechanical  guillotine  device  for  severing  the  cable  and  a  simple 
guarded  mechanical  backup  are  suggested  as  alternatives  to  the  existing  gas- 
operated  devicO  to  increase  reliability  to  an  acceptable  level.  '  This  effort 
will  address  design  problems  1  through  5,  and  result  in  recommendations 
for  reconfiguring  tlie  pilot's  hoist  controls  as  well. 

As  indicated  in  the  discussion  of  personnel  eubsystenr  modifications  to 
improve  overall  system  performance,  attention  should  be:paid  to  the  pre- 

I 

{u&ration  of  inBtal!a.tion  and  operating  instructions  for  the  redesigned  hoist, 
including  material  for  insertion  in  the  UH-ID/H  -10  Technical  Manual,  and 
to  the  preparation  of  supolementill  training  and  familiarization  requirements. 
Adoption  of  PIMO -formatted  operating  and  maint’enance  manuals  may  be  pre¬ 
mature  during  Phases  I  and  It  of  the  high  performance  hoist  developme  it 
effort;  therefore,  it  is  recommended  that  their  preparation  be  deferred  until 
the  assignment  of  product  responsibility  is  made  to  a  comniodity  command. 
In  the  interim,  preliminary  operating  instructions  will  be  provided.  ' 

Increasing  the  rate  of  descent  and  ascent  from  100  fpm  t>  500  fpm  will  n6t 
result  in  significant  acceleration  stress  i^x>n  the  crewman  descending  with 
the  hoist  or  the  rescuee  ascending  on  a  jungle  penetrator.  Accelerations 
will  be  experianced  in  the  plus  Gjj  direction  (eyeballs  down);  tolerance  in 
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thin  dirccti^tn  along  tSiis  axis  £a?  excsede  the  rates  of  onset  and  levels  that 
will  be  exi^srienced  during  hoisting  operations. 

Redesign  of  the  hook  to  prevent  accidental  release  of  a  rescue  device  will  be 
required.  In  addition,  it  would  be  very  desirable  to  review  the  design  of  the 
jungle  penstrator  in  detail,  and  to  determine  the  ways  in  which  that  device 
can  be  reconfigured  to  assure  that  its  use  is  obvious  by  design.  If  significant 
improvements  in  "b(^rding  time"  cannot  be  achieved  over  those  experienced 
in  the  field,  alternative  derigns  will  be  explored  and  the  most  promising  con> 
figuration  will  be  recommended  for  further  development. 
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Section  4 

FLYWHEEL  STUDY 

Better  m&teriais  for  fabricating  flywheels  and  the  use  of  computer  analysis 
in  determining  optimised  flywheel  shapes  and  operating  speeds  has  in  recent 
years  greatly  advanced  flywheel  technology.  Its  use  as  a  highly  effective 
energy  storage  device  has  enhanced  its  suitability  for  many  applications 
including  passenger  automobile  and  mass  transit  vehicles.  Its  ability  to 
store  more  energy  per  po\md  than  almost  any  odier  form  of  energy  storage 
system  makes  it  a  strong  contender  for  use  on  board  a  helicopter  where  any 
form  of  energy  is  at  a  premium. 

FLYWHEEL  DESIGN  STUDY 

Energy  is  put  into  a  flywheel  by  increasing  its  rotational  speed,  thereby 
imparting  an  increase  in  kinetic  energy  to  tihe  rotating  mass  of  the  flywheel. 
This  stored  energy  is  used  by  the  load  connected,  causing  die  flywheel  to 
slow  down.  Common  practical  applications  of  tiie  flywheel  are  seen  in  the 
internal  combustion  engine  and  the  inertia  aircraft  starter. 

The  specific  energy  of  a  flywheel  is  represented  by  the  simple  relatioi  ship: 

E  =  Kg  ^ 

where: 

E  is  specific  energy  in  in.  -Ib/lb 

Kg  is  die  flywheel  shape  factor  (dimensionless) 

^  is  die  material  design  working  stress  level  in  psi 
^  is  the  material  density  in  Ib/in.  ^ 
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FLYWHEEL  SHAPE 

Flywheel  shape  factors  for  several  flywheel  geometries  are  shown  in 
Table  <4-1. 

The  superior  energy  density  of  the  constant-stress  flywheel  may  be  attri¬ 
buted  to  the  fact  that  all  particles  of  the  flywheel  are  placed  in  bi-axial 
stress  to  a  uniform  predetermined  working  level.  By  contrast,  in  the  rim- 
type  flywheel,  only  the  outer  band  of  particles  of  the  rim  are  at  the  maxi- 
miun  predetermined  working  stress  level  and  this  band  is  only  in  uni-axial 
hoop  stress.  An  obvious  choice  for  the  helicopter  hoist  flywheel  would  be  a 
tapered  disc  of  exponential  or  conical  cross-section. 


Table  4-1 

FLYWHEEL  SHAPE  FACTORS  FOR  VARIOUS  GEOMETRIES 


Flywheel  Geometry 

Shape  Factor 

(Kj) 

Constant-Stress  Oise  (OD  — s»>  oo) 

1.00 

Modified  Constant-Stress  Disc  (typical) 

0. 931 

Truncated  Conical  Disc 

0.  806 

Flat  Unpierced  Disc 

0.606 

Thin  Rim  (  oo) 

0.  500 

Shaped  Bar  (OD  — oo) 

0.  500 

Rim  with  Web  (typical) 

0.40C 

Single  Filament  (abotit  transverse  axis) 

0.  333 

Flat  Pierced  Disc 

0.  305 
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In  order  to  optimize  the  design  of  the  flywheel,  tradeoffs  must  be  made  | 

involving  flywheel  speed,  diameter,  minimum  thickness,  maximum  stress,  j 

i 

and  weight.  In  order  to  facilitate  this  process,  various  existing  LMSC  fly¬ 
wheel  designs  were  rescaled  with  respect  to  speed  and  diameter  to  give 
the  resultant  minimvon  thickness,  maximum  stress,  and  weight.  The  use 
of  some  type  of  steel  was  assumed  since  previous  studies  have  shown  that 
only  steel  has  the  necessary  high  strength  to  density  ratio  for  good  energy 
density  and  relatively  high  density  for  miiaimum  diameter.  A  programmable 
calculator  routine  was  written  for  this  purpose.  The  calctilator  outputs 
were  arranged  in  matrix  form  to  facilitate  evaluation.  A  typical  set  of  out¬ 
put  is  shown  in  Fig.  4-1.  The  flywheel  scaled  in  Fig.  4-1  is  a  constant 
stress  exponential  disc  with  a  rather  large  hub-to-tip  thickness  of  7. 12, 
giving  a  shape  factor  of  0.93.  An  examination  of  the  results  in  Fig.  4-1 
shows  the  maximum  stress  levels  to  be  very  low. 

It  is  possible  to  reduce  the  flywheel  weights  shown  in  Fig.  4-1  by  using  an 
exponential  flywheel  with  a  lower  hub-to-tip  thickness,  but  this  will  also 
cause  an  increase  in  maximum  stress.  Figure  4-2  shows  the  same  matrix 
using  a  "flatter"  exponential  disc  with  a  hub-to-tip  thickness  of  2. 17,  giving 
a  shape  factor  of  0.  81.  Comparing  results  of  the  two  matrices,  it  is  seen 
that  the  flatter  disc  (Fig.  4-2)  has  lower  weights  and  higher  stresses.  Be¬ 
cause  the  stress  values  are  so  low  in  either  case,  the  flatter  shape  was 
chosen  because  of  its  lower  weight.  Further  flattening  (toward  a  flat  disc) 
does  not  appear  warranted  as  the  stresses  increase  faster  than  the  'veight 
goes  down. 

In  selecting  the  final  speed  and  diameter,  tradeoffs  were  made  among  speed, 
diameter,  machinability  (minimum  thickness),  bearing  life,  bearing  losses, 
envelope  dimensions,  safety,  gearing  requirements,  and  weight.  The  speed 
and  diameter  fizutlly  chosen  were  28,  ^00  rpm  and  12-in.  diameter. 
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Fig.  4-E  Fl>'\vheel  Diameter -Speed  Matrix,  Exponential  Disc 
Hub-to-Tip  Thickness  =  2, 17 
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FLYWHEEL  MATERIAL 

The  maximum  stress  in  the  flywheel  is  seen  from  Fig.  4-?.  to  be  60,  916  psi. 
This  stress  level  is  sufficiently  low  for  &  number  of  high  steels  to 

be  suitable.  In  order  to  maximise  safety  factors,  the  alloy  chosen  was 
4340.  This  alloy  can  be  heat  treated  as  high  as  260,  000  psi  while  maintain¬ 
ing  good  ductility  and  elongation,  permitting  safety  factors  as  high  as  4:1. 

GYRODYNAMICS 

The  most  obvious  and  useful  characteristic  of  a  flywheel  is  its  ability  to 
absorb,  store,  and  release  rotational  energy.  A  secondary  characteristic 
is  the  precessional  torque  effect  which  is  detrimental  in  the  case  of  the  heli¬ 
copter  hoist.  Precession  torque  is  developed  bv  the  flywheel  and  imposes 
relatively  high  radial  loads  to  the  flywheel  support  bearings  whenever  a  dis¬ 
turbing  moment  acts  on  the  flywheel  in  a  direction  normal  to  the  flywheel 
spin  axis.  This  gyrodynamics  effect  depends  upon  a  special  form  of  Newton's 
law  which  states  that «.  t’apidly  spinning  body  rigidly  resists  being  disturbed 
and  tends  to  react  to  a  disturbing  torque  by  precessing  in  a  direction  right 
angles  to  the  disturbing  torque.  The  upsetting  torque  is  imposed  by  rota¬ 
tional  movements  of  the  helicopter.  Roil,  pitch,  and  yaw  motions  are  com¬ 
mon  to  helicopter  flight  and  these  motions  could  easily  impose  the  disturbing 
torque  upon  the  flywheel  unless  the  flywheel  was  suspended  in  a  gimbal  or 
other  mount  which  could  not  transmit  the  disturbing  torque. 

The  magnitude  of  the  precession  torque  is  calculated  as  follows: 

Tp  =  leojfl 

where: 

Tq  =  precession  torque,  ft-lb 

^  2 
I  =  flywheel  inertia,  ft-lb/sec 

OJ  ~  flywheel  rotational  speed  about  its  spin  axis,  rad /sec 
^  =  rotational  speed  normal  to  spin  axis,  rad/sec 
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Discussions  with  the  stability  and  controls  group  engineer  at  Bell  Helicopttir 
regarding  roll,  pitch,  and  yaw  rates  of  the  UH-IH  helicopter  established 
that  a  1. 0  rad/sec  rotational  speed  was  not  uncommon  and  is  the  rate  nor¬ 
mally  used  in  analysis  involving  extreme  helicopter  maneuvers. 

Although  the  bearing  loads  as  a  result  of  precession  torque  loads  are  rela¬ 
tively  high,  the  system  does  not  require  special  suspensions  or  gimbal 
mounts.  The  cumulative  effect  of  thef  short  duration  loads  are  not  suf¬ 
ficient  to  cause  any  great  harm  to  or  seriously  reduce  the  life  of  the  fly- 
..  neel  bearings.  (Reference  Appendix  A2. ) 

The  calculated  precession  torque  for  the  selected  flywheel  at  rated  flyvi’hee. 
speed  and  1. 0  rad/sec  disturbing  rotation  rate  is  132  ft-lb  which  is  resisted 
at  each  support  bearing  by  a  radial  force  of  396  lb.  The  effect  upon  heli¬ 
copter  control  is  minimal. 

A  more  detailed  analysis  of  these  precession  forces  are  included  in  Appen¬ 
dix  A2. 
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Section  5 

SAFETY  AND  COST  CONSIDERATIONS 


SAFETY  CONSIDERATIONS 


The  flywheel  powered  hoist  is  primarily  intended  to  alleviate  some  of  the 
hazards  presently  associated  with  helicopter  hoist  rescue  operations  due  to 
a  shortening  of  hoisting  and  hovering  time.  It  is  necessary  to  be  assured 
that  the  addition  of  the  flywheel  does  not  introduce  significant  new  hazards 
which  would  offset  this  advantage  (see  Fig.  5-1).  All  forms  of  stored 
energy  can  be  hazardous  if  the  energy  is  released  in  an  undesired  manner. 
Furthermore,  the  flywheel  is  also  a  gyroscope  and  as  such  can  transfer 
precessional  forces  into  the  airframe.  High  processional  forces  could  ad¬ 
versely  affect  the  stability  and  control  of  the  aircraft. 


Investigation  of  the  gyroscopic  effects  of  flywheel  hoist  installed  in  a  UH-1 
helicopter  indicates  that  these  effects  are  not  significant.  With  a  fuselage 
pitch  rate  of  one  radian  per  second,  a  roll  moment  of  132-ft-lb  is  generated. 
Thic  is  equivalent  to  a  132-lb  man  moving  one  foot  laterally  which  is  well 
within  the  controllability  of  the  aircraft. 

Undesirable  release  of  energy  stored  in  the  flywheel  can  be  in  the  form  of: 
catastrophic  disintegration,  transfer  of  moment  into  the  airframe,  excessive 
heating,  or  excessive  vibration.  Catastrophic  disintegration,  in  turn,  could 
conceivably  be  the  result  of  overspeed,  fatigue  failure,  deficient  physical 
properties  or  ballistic  or  crash  impact. 


The  hoist  system  under  consideration  is  not  in  any  danger  of  critical  over¬ 
speed.  The  helicopter  generator  itself  maintains  a  maximum  operating  speed 
due  to  the  requirement  of  not  exceeding  the  maximum  rotor  design  speed 
beyond  an  established  margin.  Furthermore,  voltage  protection  can  be  pro¬ 
vided  in  case  of  voltage  regulator  failure.  The  hoist  motor  maximum  speed 
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Fig.  5-1  Flywheel  Safety  Aspects 
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selection  is  well  below  the  burst  speed  of  the  flywheel,  thus  ensuring  against 
overspeed  and  possible  bursting  of  the  flywheel.  The  design  decision  to  dis¬ 
engage  the  flywheel  from  the  drum  during  the  descent  phase  assures  that 
energy  from  the  descending  load  cannot  add  speed  to  the  flywheel. 

A  potential  fatigue  failure  problem  coiald  exist  if  the  flywheel  were  subjected 
to  sufficient  stress  cycles  resulting  from  repeatedly  spinning  the  flywheel 
from  rest  to  full  speed.  To  assure  that  this  does  not  occur,  a  design  cri¬ 
teria  of  10.  000  stress  cycles  is  established  (equivalent  to  an  annual  average 
of  1. 000  full  cycles  for  a  ten-year  life).  Since  consecutive  lifts  of  200- !b 
do  not  constitute  full  cycles,  this  assumption  seems  to  be  conservative. 

The  stress  level  of  the  selected  flywheel  is  61. 000  psi  at  a  design  speed  of 
28.  000  rpm.  Material  selection  and  hardening  can  readily  provide  a  4-to-l 
safety  margin. 

A  flywheel  could  also  fail  if  its  physical  properties  are  less  than  specified. 

To  assure  that  this  does  not  occur  in  the  manufacturing  process  an  overspeed 
spin  test  can  be  run  on  each  flywheel,  over  and  above  normal  quality  control 
procedures.  Furthermore,  precautions  must  be  taken  to  pi  event  deteriora¬ 
tion  sue'''  as  corrosion  during  storage.  Finally,  inadequate  maintenance 
should  bv  guarded  against.  Unit  replacement  with  depot  overhaul  of  the  fly¬ 
wheel  chamber  is  recommended  to  avoid  maintenance  deterioration. 

Severe  impact  on  a  flywheel  spinning  at  full  speed  must  be  con8ider<^d.  The 
only  impacts  which  can  be  conceived  as  having  sufficient  magnitude  to  destroy 
a  spinning  flywheel  are  crash  landing  and  e  direct  hit  by  a  projectile.  The 
results  of  a  ballistic  impact  upon  a  fully  stressed  flywheel  are  not  known  at 
this  time.  Such  a  hit  may  be  radial,  axial,  or  oblique.  Even  if  it  is  eventu¬ 
ally  established  that  the  pro^  of  the  flywheel  bursting  is  relatively 

high,  the  probability  of  the  .  '«»  relatively  low.  The  total  cir¬ 
cular  area  of  the  flywheel  is  less  ''Ch  smaller  than  vital  targets 

within  the  helicopter  such  as  the  flight  v  .-ilot.  engine,  and  trans¬ 

mission.  It  is  unlikely  that  this  full  circular  target  will  be  presented.  It 
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is  much  smaller  in  edge  view  or  obliquity.  Ftirthermore,  adjacent  equip- 
mexit  such  as  the  electric  motor  and  hoist  drum  can  provide  shielding  from 
small  arms  fire. 

The  posfibility  of  a  flywheel  disintegration  greatly  increasing  the  radius  of 
destruction  in  a  fatal  crash  requires  that  adequate  crash  load  criteria  be 
assigned  to  the  flywheel  assembly.  It  is  fortunate  that  the  flywheel  occupies 
the  safest  location  in  the  aircraft  in  respect  to  landing  impact.  It  is  most 
vulnerable  in  the  event  that  the  helicopter  falls  from  a  considerable  height 
and  lands  flat  on  the  side  of  the  fuselage  on  which  the  flywheel  is  installed. 
Otherwise,  the  full  ground  impact  is  greatly  attenuated  by  progressive 
deformation  of  the  landing  gear,  fuselage  pan,  cabin  structure,  mounting 
structure,  and  flywheel  enclosure.  The  flywheel  at  full  design  speed  exper¬ 
iences  140,  000  g's  at  the  outer  rim.  Current  vertical  crash  load  i'rileria 
requires  that  helicopter  installed  equipment-  hold  together  at  45  g's.  If  a 
4/1  stress  safety  factor  is  used,  ttie  flywheel  will  burst  at  560.  000  g's 
applied  in  a  radial  direction  at  the  outer  rim. 

If  a  significant  portion  of  the  momentum  stored  in  the  flywheel  is  suddenly 
transferred  into  the  airframe,  an  xmcontrollable  moment  could  result.  With 
the  selected  configuration  this  would  be  a  roll  moment.  The  momentum 
transfer  could  result  from  a  bearing,  gear  train,  or  vacuum  failure,  or 
from  a  distorted  housing.  It  is  anticipated  that  in  each  case  the  transfer 
would  be  over  a  considerably  '^^ngth  of  time.  However,  during  the  critical 
portion  of  the  hoist  oper-»tica,  the  pilot  may  be  using  all  available  lateral 
cyclic  pitch.  To  avoid  additional  mon  ^nt  being  applied  the  flywheel  is 
installed  so  that  any  roll  moment  would  be  in  the  opposite  direction  from 
that  imposed  by  the  suspended  load.  It  is  not  anticipated  that  even  with  a 
light  suspended  load  the  roll  moment  imposed  by  a  faulty  hoist  assembly  in 
the  opposite  direction  would  exceed  the  control  available  to  the  pilot.  How¬ 
ever,  if  future  investigation  proves  that  this  is  indeed  a  significant  problem, 
automatic  emergency  jettisoning  of  the  flywheel  assembly  is  a  distinct  possi¬ 
bility.  In  this  event  the  moment  imposed  by  the  flywheel  can  shear  a  section 
at  the  top  mounting  and  rotate  outboard  on  a  pivoted  bottom  mounting. 
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A  flywheel  can  generate  heat  by  either  rubbing  on  its  housing  or  by  a  sudden 
vacuum  iaiiure.  In  the  case  of  friction  heating  with  contact  with  the  housing 
an  ignitable  substance  is  not  present.  However,  in  the  case  of  a  vacuum 
failure,  both  combustible  oil  and  air  might  be  subjected  to  heating.  Fortu* 
nately,  there  is  come  operational  experience  in  this  area.  The  following 
quotation  is  from  Reference  9* 

"The  flywheel  tip  is  traveling  at  132,  000  i,3et  per  minute  (mach  2.  3) 
in  an  evacuated  housing  (2  cm  Hg  abs).  It  was  originally  feared 
that  if  a  Leak  occurred  and  a  lubncating  oil  -  air  mixture  entered 
the  housing,  there  was  danger  of  a  fire  or  explosion.  Several 
leakc  of  this  type  have  occurred  and,  so  far,  the  only  effect  has 
been  flywheel  slowdown  and  increases  in  flywheel  housing  temper¬ 
atures  approaching  350°">‘  .  .  .  .  " 

This  indicates  that  is  possible  to  design  a  flywheel  and  its  assembly  so  that 
ignition  temperature  is  not  achieved. 

An  unbalanced  flywheel  can  produce  vibrations  varying  in  magnitude  with  the 
degree  of  unbalance  and  varying  in  frequency  from  zero  up  tc  order  of  500 
Hz.  All  critical  frequencies  in  between  will  be  passed  through  as  the  fly¬ 
wheel  slows  down.  Much  of  this  vibration  will  be  attenuated  by  the  installa¬ 
tion  mounting.  However,  it  is  anticipated  that  out-of-balance  problem?  can 
be  avoided  by  design,  quality  control,  ana  maintenance  procedures. 

COST  CONSIDERATIONS 


Cost  considerations  involved  in  initroducirig  a  new  High  performance  rescue 
heist  include  various  as_  ?ct«  of  the  total  life-cycle  cost  of  the  hoist,  and  the 
effect  of  the  new  hoiat  upon  the  coat- effectiveness  of  the  total  air  rescue 
system.  Life« cycle  costs  include  all  development,  proettrement,  and  operat¬ 
ing  expenditures,  inciuding  impact  upon  fee  Army's  logistics  system, .  over 
the  life  of  product  from  she  "cradle  to  tha  grave. " 
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A  new.  high  performance  hoisf.  will  have  certain  non-recurring  start-up 
costs  including  prototype'  engineering,  test  and  evalxtation,  production  , 

I 

engineering,  documentation  and  tooling,  service  and  operation  manuals, 
initial  /spares,  and  introduction  of  a  hew  lihe  item.  The  relative  signifi¬ 
cance  of  these  costs  in  comtairison  to  the  total  life-cycle  cost  is  dependent 
upon  the  time  duration  of  the  life  cycle.  If  thin  equipn^ent  is  tied  to  one 
type  of  aircraft,  which  will  be  phased  out  in  the- not -too -distant  future,  these 
costs  will  be  relatively  high.  To  avoid  this  situation  a  design  goal  has  been 
established  to  make  the  hoist  c.ompctible  w^th  a  wide  variety  of  configurations, 
so  that  it  will  not  become  obsolete  with  the  introduction  of  the  next  generation 


of  helicopters. 


lijitial  acquisition  cost  varies  with  average  unit  cost  and  the  number  of  units 
required  to  supply  a  selected  number  of  aircraft.  The  average  unit  cost  is 
sensitive  to  complexity,  weight, ;  production  quantity,  and  production  rate.  i 
li  tif  c.5>t  anticipated  that  there  will  be  a  reduction  in  complexity  oi  weight 
with  the  introduction  of  a  new,  higher  performance  hoist.  However,  a 
design  goal  for  the  new  hoist  is  to  provide  'sufficient  versatility  £o.v  the 
hoist  to  be  applicable  to  more  than  one  type  of  aircraft,  so  that  average 
unit  coat  advantages  cab  be  obtained. 


The  number  of  units  required  to  supply  a  given  sise  of  helicopter  fleat  may 
well  vary  between  different  hoists,  depending  on  relative  operational  avail¬ 
ability.  If  hoist  availability  is  low,  as  in  the  case  of  the  existing  equipment, 
a  large  maintenance  float  quantity  is  required  to  keep  the  desired  number  of 
aii'craft  equipped.  The  new  hoist  concept  has  unloaded  the  electric  motor 
increasing  its  reliability  and  eliminated  the  fatigue  problem  of  a  wire  rope 
running  through  a  capstan.  The  flywheel  itself  is  a  long  life,  high  reliability 
component.  Hoist  availability  will  be  improved  if  tiie  new  design  incorpo¬ 
rates  field  drum  replacement,  which  will  mean  that  the  hoist  will  no  longer 
be  sent  to  a  rear  echelon  to  change  a  hoist  cable. 
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Incre&sed  motor  reliability,  increased  hoiKting  line  life,  and  field  replace- 
ment  of  hoisting  line  also  have  operating  cost  advantages  reflected  in  re¬ 
duced  maintenance  manhours  and  reduced  consumption  of  spare  parts.  Fur¬ 
thermore,  if  synthetic  rope  is  used  in  place  of  the  present  stainless  steel 
wire  rope,  the  cost  of  a  replacement  hoist  line  can  be  reduced  to  a  half. 

Helicopter  rescue  hoist  operational  training  costs  can  be  very  significant 
since  considerable  costly  flight  time  is  required.  The  costs  of  a  pilot,  co¬ 
pilot,  and  instructor  must  be  included,  as  well  as  that  of  the  students.  The 
number  of  hoist  lift  cycles  enperienced  by  the  student  is  indicative  of  his 
degree  of  training,  and  more  lift  cycles  per  flight  hour  are  possible  with  the 
substitution  of  a  high  performance  hoist  for  present  equipment.  Further¬ 
more,  the  number  of  students  aboard  the  helicopter,  observing  each  others 
performance  can  be  profitably  increased,  if  each  has  the  opportunity  to 
operate  the  hoist  himself  during  the  instruction  session. 


The  cost  effectiveness  of  the  rescue  hoist  must  be  viewed  as  part  of  the 
cost  effectiveness  of  the  total  rescue  system.  The  measure  of  effectiveness 
for  this  total  system  could  be  expressed  as  "dollars  per  man  rescued. " 

The  high  performance  hoist  has  a  five  times  increase  in  speed  and  doef  not 
require  a  cooling  off  period  between  cycles.  Thus,  for  a  given  flight  time 
more  men  can  be  evactuited.  Conversely,  less  flight  time  is  requir*>H  to 
rescue  a  given  number  of  men.  Dollars  per  flight  hour  can  be  established 
for  any  particular  aircraft. 

However,  the  primary  purpose  of  high  performance  from  a  rescue  hoist  is 
to  evacuate  more  men,  while  spending  less  time  hovering.  Extended  hover 
time  means  increased  vulnerability  due  to  engine  failure  and  ground  fire. 
Not  only  must  the  cost  of  helicopters  lost  be  added  to  the  total  cost  of 
rescue  operations,  but  any  helicopter  crewme>  *-  must  be  subtracted 
from  the  total  men  rescued. 
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In  addition  to  an  increase  in  hoist  speed,  the  selected  hoist  design  has  the 
potential  capability  of  in>flis^t  replacement  of  a  drum  and  its  hoisting  line. 
This  feature  could  eliminate  a  portion  of  mission  aborts  resulting  from  a 
requirement  to  use  the  guillotine.  Being  able  to  complete  the  rescue  on 
the  same  mission  with  a  new  line  obviously  pregents  a  significant  increase 
in  dollars  per  man  rescued. 


Cost  effectiveness  of  the  rescue  system  is  drastically  affected  by  aircraft 
availability  rate,  which  is  in  turn  affected  by  the  availability  of  the  hoist. 
Thus,  the  planned  improvement  in  hoist  availability  is  sifnigicant  in  terms 
of  cost  effectiveness  as  well  as  life-cycle  cost. 
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Section  6 
DESICiN  STUDIES 

FLYWHEEL  SPIN-UP  TECHNIQUES 

Only  a  limited  supply  of  electrical  power  is  reserved  for  hoist  operation 
during  any  rescue  mission.  The  present  hoist  uses  a  maximum  117  amp 
from  the  helicopter  28  V  d.  c.  supply.  Since  the  proposed  high  performance 
hoist  is  constrained  to  work  to  this  same  maximum  power  consumption  or 
less,  the  flywheel  spin-up  technique  used  must  be  efficient. 

The  inefficiencies  of  utilizing  a  motor  to  drive  a  hydraulic  or  pneumatic 
pump  and,  in  turn,  u»lng  the  pump  flow  and  pressure  to  drive  the  flywheel 
with  hydraulic  or  pneumatic  motors  is  obvious.  The  tradeoff  study  then 
becomes  simply  a  comparison  of  motor  parameters  in  connection  with  asso¬ 
ciated  requirements  such  as  inverters  or  connecting  mechanical  drive  sys¬ 
tems.  Table  6-1  briefly  summarizes  three  possible  ways  of  spinning  up  the 
flywheel.  ^ 

The  advantages  of  a  system  coupling  the  motor  shaft  directly  to  the  flywheel 
shaft  are  many..  High  speed  with  no  gear  system  promises  low  weight  and 
simplicity.  Unfortunately,  commutative  problems  limit  motox'  speeds  to 
about  18,  000  rpm,  well  below  optimum  flywheel  operating  speeds.  The  a.c. 
motors  requiring  no  commutation  cotxld  meet  the  high  speed  characteristics 
required  of  a  direct  flywheel  shaft  connection  but  it  requires  an  expensive, 
complicated  inverter  for  changing  the  helicopter  electrical  system  d.c.  cur¬ 
rent  into  a  usable  a.  c.  current.  ' 

The  best  system  shown  as  number  2  in  the  table  incorporates  a  step-up  gear 
ratio  to  permit  the  flywheel  and  motor  to  both  operate  at  its  own  optimized 
speed. 
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FLYWHEEL /HOIST  DRIVES 


A  detailed  trade  study  considering  many  types  of  drive  systems  for  connect¬ 
ing  the  flywheel  powered  shaft  to  the  hoist  mechanism  was  conducted.  The 
most  obvious  results  of  this  study  establishes  the  fact  that  commercially 
available  variable  drive  units  in  the  10  -  20  hp  category  are  limited  to  maxi¬ 
mum  output  speeds  of  3,  500  to  8^000  rpm  and  package  weight  was  generally 
too  heavy  for  serious  consideration  for  the  lightweight,  high  performance 
hoist  requirements.  Table  6-2  is  a  brief  summary  of  the  trade  study  of  the 
drive  systems  considered  for  the  hoist  transmission. 


Drh  i  systems  lacking  the  controllable  variable  output  speed  characteristics 
was  abandoned  early  in  the  study  in  favor  of  the  variable  drive  systems  since 
this  feature  is  considered  essential  for  an  optimized  hoist  design. 


The  basic  variable  speed  systems  are  usually  classed  as  mechanical,  hydrau¬ 
lic,  and  electrical.  In  general  the  simplest  and  least  expensive  of  these  is 
the  mechanical  drive  system  with  the  electrical  and  hydraulic  system  offer¬ 
ing  higher  horsepower  capacity  and  wider  speed  ranges.  Fortunately,  the 
relatively  low  power  requirement  of  the  hoist  drive  makes  the  mechanical 
drive  system  an  excellent  candidate  for  the  hoist.  Most  variable  speed 
mechanical  drive  systems  have  a  limited  variable  speed  or  stepped  speed 
capability  and  are  not  classed  as  having  an  infinitely  variable  speed  ra^.ge, 
such  as  is  possible  with  a  hydrostatic  or  some  electrical  drive  systems 
where  output  speeds  can  range  from  zero  speed  to  maximum  design  speed 
without  sacrificing  torque.  However,  certain  mechanical  drives  do  have 
"infinitely  variable  speed"  within  its  operating  speed  range.  The  dissipative 
clutch  has  infinitely  variable  speeds  from  100  percent  down  to  about  10  per¬ 
cent  of  input  speed. 

The  results  of  this  trade  study  clearly  establishes  the  dissipative  clutch 
drive  as  the  prime  candidate  for  use  in  the  helicopter  hoist  drive. 
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CABLE  HANDLING  TECHNIQUES 

The  method  used  ior  cable  handling  on  the  pr^^sent  hoist  it  the  capstan  type 
drive  system.  This  consists  of  routing  the  cable  over  two  {mrallel  driving 
drums  and  through  a  level  wind  mochanism  into  a  storage  drum  under  low 
stress  and  constant  tension. 

A  second  method  used  for  handling  cable  is  the  powered  drum  drive  system. 
This  consists  of  driving  the  cable  storage  drum  directly  with  the  cable  under 
load  tension.  Normally,  some  type  of  level  wind  mechanism  is  used  in  con¬ 
junction  with  this  type  of  drive,  either  an  independent  level  wind  or  a  system 
which  moves  the  power  drum  longitudinally. 

Level  wind  mechanisms  are  used  primarily  to  insure  consistent  cable  wind 
on  drum  by  controlling  fleet  angle.  This  is  considered  necessary  because 
of  the  characteristics  of  the  wire  cables  normally  used  on  hoists.  The  cable 
must  be  woxmd  tmiformly  on  the  drum  with  no  space  between  adjacent  strands 
and  no  bunching  on  any  part  of  the  drum.  Otherwise,  the  cable  tends  to  foul, 
bacicwind,  or  jump  as  it  comes  off  the  drum. 

A  series  of  tests  were  run  to  evaluate  the  "self-level  wind"  characteristics 
of  the  normally  used  wire  cable,  the  swaged  wire  cable,  and  the  plastic 
braided  rope.  The  latter  two  are  being  considered  as  alternates  to  the  nor¬ 
mally  used  cable  for  this  hoist  application.  (Reference  Cable  Test  Report, 
Appendix  B. ) 

The  results  of  the  tests  indicate  the  plastic  braid  rope  has  the  best  level 
wind  cliaracteristics  at  the  larger  fleet  angles;  the  swaged  wire  rope  was 
slightly  worse;  and  the  normally  used  wire  cable  was  worst  of  all. 

One  of  tile  design  objectives  is  to  retrofit  tibe  present  hoist  configuration 
which  requires  a  short  distance  from  the  drum  to  the  power  sheave;  the  com¬ 
bination  of  fairly  wide  drum  width  and  short'  center  distance  results  in  large 
fleet  angles  which  the  plastic  rope  tolerated  better. 
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Thus,  this  self-level  wind  ability  makes  it  possible  to  develop  a  hoist  with 
a  powered  dr\im  and  without  level  wind  mechanism  which  will  result  in  a 
more  compact,  lighter  unit  which  will  fit  within  the  space  constraints  of  the 
present  system. 

The  compliance  of  the  plastic  braid  is  an  advantege  for  self -wind  design 
since  even  with  the  poor  level  winds  experienced  with  large  fleet  angles 
ithe  plastic  rope  came  off  the  drum  smoodily  with  ro  variation  in  wind-off 
speed.  This  compliance  is  also  helpful  in  reducing  the  acceleration  and 
deceleration  loads  experienced  near  the  top  and  the  bottom  of  the  lift  cycle. 


6-6 


’s?->p^%-t-'  y 


LMSC-D267477 


Section  7 

PRELIMINARY  HOIST  DE-SICa^ 


Figure  7-1  shows  a  preliminary  layout  of  the  hoist  design  assembly 
which  incorporates  the  best  overall  configuration  based  on  design  studies, 
trade  sttuiies,  and  tests  conducted  during  this  program.  The  major  com¬ 
ponents  of  the  design  include  the: 

•  Flywheel  drive  motor 

•  Flywheel 

•  Drive  system  clutch  and  brake 

e  Drive  gears  and  shafts 

•  Housing 

•  Rope  drum 


FLYWHEEL  DRIVE  MOTOR 


The  spin-up  of  the  flywheel  to  be  used  for  energy  storage  for  the  high  per¬ 
formance  helicopter  hoist  could  be  accomplished  by  a  hydraulic,  pneumatic, 
or  electric  motor.  However,  since  neither  hydraulic  power  or  compressed 
air  is  available  in  suitable  form,  the  most  obvious  choice  of  motor  ty;)e  is 
electric.  In  this  way  no  incompatibility  with  the  existing  hoist 'to-heilcopter 
interface  results. 

Electric  Interface 


The  presently  operational  hoist  uses  a  maximum  armature  currrnt  of  1 10 
amperes  and  a  field  currentof  6.  5  amperes  at  a  nominal  28  V  d.  c.  from  the 
helicopter  electrical  system.  This  represents  a  maximum  electric  power 
of  3262  watts.  The  assumption  has  been  made  in  this  study  that  the  same 
maximum  electric  power  is  available  for  the  new  high  performance  hoist. 
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The  maximum  input  motor  power  then  is  4.  37  hp,  such  that  even  with  a  60 
percent  motor  efficiency,  2.6  hp  is  available  for  the  spin-up  of  the  flywheel. 


Electric  Motor  Speed  Range 


A  preliminary  search  of  suitable  d.  c.  electric  motors  in  the  2-to-2.6-hp 
range  has  shown  that  the  maximum  normal  speed  range  for  28  V  d.  c.  ma¬ 
chine^  of  this  capacity  is  from  8,  000  to  18,  000  rpm.  Since  electric  motors 
arc  generally  sized  by  the  torque  requirement,  it  is  desired  to  operate  the 
motor  at  the  highest  practical  speed  to  minimise  motor  torque  and,  there¬ 


fore.  size  and  weight  for  the  horsepower  required.  The  desirability  of 
matching  the  motor  maximum  speed  to  that  of  the  flywheel  (operational 
speed  range  from  14,  000  to  28,  000  rpm)  in  order  to  eliminate  the  need  for 
a  speed  increaser  between  motor  and  flywheel  is  also  obvious. 


A  detailed  survey  was  then  made  of  all  known  suppliers  of  high  performance 
d.c.  motors  of  the  type  required  for  the  new  hoist.  The  vendors  contacted 
In  this  survey  are  listed  below: 

Airborne  Accessories  Corp. ,  Hillside,  N.  J. 

Ajax  Corp. ,  Rochester,  N.  Y. 

Ametek/Lamb  Electric,  Kent,  Ohio 

B&B  Motors  Ic  Controls  Corp. ,  New  York,  N.  Y. 

Baldor  Electric  Co. ,  Fort  Smith,  Ark. 

Bogue  Electric  Mfg.  Co. ,  Paterson,  N.  J. 

Borg-Warner  Corp.  ,  Morse  Chain  Div. ,  Ithaca,  N.  Y. 

Borg-Warner  Corp. ,  Pesco  Products  Div. ,  Bedford,  Ohio 
Brook  Motor  Corp. ,  Chicago,  ill. 

Century  Electric  Co. ,  St.  Louis,  Mo. 

Denoag  Material  Handling  Corp. ,  Solon,  Ohio 
Doerr  Electric  Corp.,  Cedarburg,  Wise. 

Eaton,  Yale  Sc  Towne  Inc.,  Dynamatic  Div.,  Kenosha,  Wise. 

Electronic  Specialty  Co. ,  Thomaston,  Conn. 

Galls  Mfg.  Co. ,  Fairmont,  W.  Va. 

Gerbing  Mfg.  Corp. ,  Elgin,  Ill. 

Hitachi  America  Inc.,  New  York,  N.  Y. 

G.  K.  Heller  Corp. ,  Las  Vegas,  Nevada 
Hoover  Electric  Co. ,  Los  Angeles,  Ca. 

Marathon  Electric,  Wausau,  Wise. 

North  American  Rockwell,  Boston  Gear  Div. ,  Quincy,  Mass. 
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H.  K.  Porter  Co. ,  Inc. ,  Pittsburgh,  Pat.. 

R&e  Motor  Corp. ,  McHenry,  HI. 

Reuland  Electric  Co. ,  City  ot  Industry,  Cat. 

Robbins  k  Myers,  Inc. ,  Springfield,  Ohio 
Seco  Electronics  Corp. ,  Hopkins,  Minn. 

Singer /General  Precision,  Inc.,  Hertner,  Cleveland,  Ohio 
Skurka  Engineering  Co. ,  Los  Angeles,  Ca. 

Standard  Precision  Div. ,  Electronic  Communications,  Witchita,  Ka. 
Sterling  Electric  Motors  Inc. ,  Los  Angeles,  Ca. 

Task  Corp. ,  Anaheim,  Ca. 

Westinghouse  Electric  Corp.,  Aerospace  Electrical  Div.,  Lima,  Ohio 
Westinghouse  Electric  Corp.,  Mac  Motor /Gearing  Div.,  Buffalo,  N.  Y. 
T.  B.  Wood's  Sons  Co. ,  Chambersburg,  Pa. 


The  survey  results  showed  that  no  standard  motors  are  available  in  this 
horsepower  range  with  maximum  operating  speeds  higher  than  18,  000  rpm. 
The  limit'-  on  motor  speed  is  the  result  of  commutation  problems. 


Two  means  of  achieving  the  desired  28,  000  rpm  motor  speed  were  considered. 
Tho  first  alterxiative  is  the  design  of  a  highly  special  machine  with  brush  and 
commutator  modifications  suitable  to  permit  operation  at  tiie  desired  speed. 
The  design  of  such  motors  was  proposed  by  three  of  the  contacted  suppliers. 
The  development  costs  and  risks  associated  with  the  design  of  such  a  new 
machine  appear  to  be  unwarrar>ted  iit  this  program.  A  second  alternative  for 
the  high  speed  motor  is  the  design  of  a  special  brushless  d,  c.  motor  which 
uses  a  solid-state  inverter  to  provide  a.  c.  motor  excitation  such  that  brushes 
are  eliminated.  At  present  such  ^nachines  are  being  manufactured  by  two 
suppliers  in  fractional  horsepower  sises.  The  development  of  a  new  brush¬ 
less  d.  c.  integral  horsepower  machine  for  the  hoist  application  is  felt  to  be 
too  expensive  at  this  time  although  ^e  development  risks  are  sntall. 


As  a  result  of  the  motor  supplier  survey,  it  was  concluded  that  the  electric 
motor  lor  direct  drive  of  the  flywheel  was  not  avniSable  within  the  time  and 
cost  constraints  of  the  anticipated  development  program.  Thus,  it  is  recom¬ 
mended  that  a  d.  c.  motor  with  a  maximum  speed  of  14,  000  rpm  be  used  in 
conjunction  with  a  2:1  speed  increasing  gearbox  to  drive  the  flywheel.  Such 
a  motor  is  well  within  the  speed  :^ange  of  motors  currently  being  manufactured 
by  several  suppliers. 
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Electric  Motor  Type 

The  somewhat  unique  nature  of  the  load  imposed  by  the  flywheel  on  the  elec¬ 
tric  motor  during  epin-up  and  the  need  to  avoid  any  possibility  of  over  speed 
are  major  considerations  in  the  selection  of  the  motor  tyrn  to  be  j^sed. 

Series  D.  C.  Motor 


Traoitionally.  drives  in  which  a  constant  horsepower  characteristic  is  re¬ 
quired  are  accomplished  by  series  type  d.  c.  motors.  The  diagram  showing 
the  l».8ic  connection  and  the  torque-speed  curve  of  a  typical  2.  5  hp  series 
motor  is  shewn  in  Fig.  7-2.  The  series  motor  shown  can  provide  the  high 
torque  levels  desired  for  startup  and  then  deliver  power  to  the  flywheel  at 
essentially  constant  horsepower  over  a  wide  speed  range.  However,  since 
the  spinning  losses  (bearing  drag,  seal  drag,  and  windage)  of  the  flywheel  are 
expected  to  be  quite  low  even  at  speeds  substantially  in  excess  of  the  maxi¬ 
mum  operating  speed  of  28,  COO  rpm,  the  motor  torque-speed  curve  (Fig.  7-2) 
shows  that  the  series  type  motor  will  continue  to  accelerate  the  flywheel  above 
the  maximum  operating  speed.  Since  this  possible  runaway  capability  is  un¬ 
desirable,  the  series  motor  was  rejected  for  the  hig^  performance  hoist 
application. 

Shvint  D.  C.  Motor 


The  shunt  field  type  d.  c.  motor  has  a  definitely  limited  no  load  speed  such 
that  overspeed  under  light  load  conditions  can  be  avoided.  At  the  same 
time,  the  shunt  d.c.  motor  can  preside  sufficiently  high  torque  for  flywheel 
accelerations  and  can  supply  fairly  constant  horsepower  over  the  flywheel 
2:1  operational  speed  range. 

The  diagram  and  torque-speed  curves  of  a  suitable  shunt  type  d.c.  motor 
is  shown  in  Fig.  7-3.  The  effect  of  variation  of  the  resistance  in  series 
with  the  shunt  field  is  shown  by  the  three  torque-speed  characteristic  curves 
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Fig.  7-2  Series  D.  C.  Motor  Characterietics 
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of  Fig.  7-3.  A  relatively  aimple  automatic  apeed  control  eyatem  aimitar 
to  that  ahown  in  the  diagram.  Fig.  7-4,  can  be  uaed  to  provide  for  apin-up 
of  the  flywheel.  The  typical  flywheel  acceleration  pr^^ile  ia  alao  ahown  in 
Fig.  7-4  by  the  ^eavy  curvea  auperimpoaed  on  &e  ahv>...  '^.c.  motor  charac- 
teriatica.  Aa  the  maximum  operating  apeed  for  the  motor  {14,  000  rpm  with 
a  2;  1  apeed  increaeer)  ia  reached,  a  balance  ia  achieved  between  flywheel 
apinning  loaaea  and  motor  torque  capability  aa  shown  in  Fig.  7-4.  However, 
if  the  flywheel  apinning  loaaea  for  any  reason  are  reduced,  the  motor  apeed 
can  only  increaae  to  about  110  percent  at  maximum  operating  speed.  Thua, 
flywheel  runaway  ia  poaitively  avoided  by  the  uae  of  the  ahunt  type  d.  c. 
motor.  It  alao  should  be  noted  that  the  typical  flywheel  acceleration  profile 
followa  the  deaired  conatant  horsepower  curve  rather  closely  such  that 
minimal  sacrifice  in  flywheel  apin-up  time  reaulta  from  the  absolute  over- 
speed  control  provided  by  the  shtini  type  motor. 

The  switching  of  field  resistance  values  aa  shown  in  Fig.  7-4  can  be  accf^m- 
pliehed  by  an  automatic  relay  circuit  which  uses  a  apeed  signal  derived  from 
the  apeed  increasing  gearbox.  As  a  motor  speed  of  approximately  4,  500  rpm 
ia  reached,  a  apeed  discriminator  will  operate  a  relay  with  make-before- 
break  contacts  to  add  resistance  in  series  with  the  shunt  field  of  the  motor. 
Similarily,  as  a  motor  speed  of  approximately  9,  000  rpm  is  reached,  the 
speed  discriminator  will  again  act  to  cause  the  operation  of  a  second  relay 
to  further  increase  the  resistance  in  series  with  the  shunt  field.  The  motor 
speed  control  circuit  can  autoanatically  operate  in  the  reverse  manner  as  a 
motor  speed  of  about  8,  500  rpm  is  reached  as  a  result  of  power  being  taken 
from  the  flywheel  during  hoisting  operations. 

Finalized  Motor  Specification 

The  flywheel  drive  motor  study  and  vendor  survey  has  resulted  in  a  motor 
specification  suitable  for  motor  procurement  in  the  subsequent  phases  of  the 
high  performance  helicopter  heist  program. 
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Fig.  7-4  Flywheel  Drive  Motor  ChAracterietica 
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The  specification  for  the  flywheel  drive  motor  is  as  follows; 

O.  C.  Voltage:  28  volts  nominal 
Motor  Horsepower:  2,  0  continuous 
Enclosure  Type:  Explosion  proof-fan  cooled 

Motor  Type:  Shunt  with  commutating  and  stabilising  fields  as  required 

Direction:  Fully  reversible 

No  Load  Speed;  16,  000  rpm  maximum 

Full  Load  Speed:  14,  000  rpm 

Duty  Cycle:  2^  6  hp;  15  min.  on,  15  min.  off,  continuous 
Efficiency:  65%  or  higher 
Mounting:  Square  flange 

Electrical  Connections:  All  leads  brought  out  6  in. 

Internal  Shaft:  0.  50  pitch  diam. ,  interxial  spline 
Weight;  Not  to  exceed  15  lb 

A  second  round  of  inquiries  to  d.  c.  motor  vendors  who  have  responded  to  the 
initial  survey  indicated  that  a  motor  in  accordance  with  the  above  specifica¬ 
tions  could  be  supplied  by  at  least  four  suppliers  using  conventional  manufac¬ 
turing  techniques. 


^heel  Spin-(Jp  Characteristics 


The  spin- up  chax*acteri  Stic  for  the  flywheel  of  the  high  performance  heUcopter 
hoist  is  shown  in  Fig.  7-5.  Based  on  the  reasonable  assumption  tliet  an  ave¬ 
rage  of  2.  0  hp  will  be  delivered  to  the  flywheel  through  the  2:1  speed  increas- 
ing  gearbox,  the  spin-up  time  for  a  73.  51  w-hr  flywheel  is  seen  to  be  less 
than  180  sec.  In  addition,  the  plot  of  Fig.  7-5  shows  that  the  flywheel  will  be 
in  the  usable  speed  range  (14,  000  to  28,  000  rpm)  in  approximately  44  sec. 


FLYWHEEL 


Specific  study  areas  of  importance  unique  to  the  flywheel  such  as  type  of 
material,  flywheel  gyrodynamics,  and  safety  analysis  are  presented  in 
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Section  4  of  thie  report.  Other  area*  more  mechanical  in  nature  are  pre¬ 
sented  hex  .. 


Flywheel  shaft  size  is  primarily  sized  by  the  desire  to  keep  the  flywheel 
operating  speed  substantially  below  the  "natural  frequency"  speed,  other¬ 
wise  known  as  "critical  speed. "  This  is  done  in  order  to  minimize  the  prob¬ 
lems  associated  with  the  high  speed  operation  at  near  or  above  the  critical 
flywheel  speed.  Calculated  critical  speed  is  82,  000  rpm  providing  a  margin 
of  3  to  1  over  the  nominal  flywheel  speed  of  28,  000  rpm.  Actual  margin  is 
less  since  the  calculation  assumes  infinitely  stiff  bearings  and  bearing  sup¬ 
port  structure.  Assvuriing  the  radial  flexibility  of  the  support  bearing  and 
support  to  be  10^  Ib/in.  reduces  the  critical  speed  to  51,000  rpm,  still  pro¬ 
viding  a  conservative  margin  in  excess  of  1,80. 


DRIVE  SYSTEM  CLUTCH  AND  BRAKE 


Trade  studies  established  the  mechanical  clutch  as  the  prime  candidate  for 
connecting  flywheel  power  to  the  hoist.  Like  the  flywheel  dri^e  motor,  it 
is  primarily  sized  by  the  torque  requirements.  Higher  operating  speeds 
require  leas  torque  and  therefore  require  smaller  clutches.  The  shaft 
speeds  In  the  hoist  range  from  28,  000  rpm  flywheel  down  to  the  240  rpm  of 
the  rope  drum.  Ccnimercially  available  clutches  nominally  have  maximum 
operating  speed  in  the  range  of  3,  000  -  8,  000  rpm.  Th'?  desire  to  minimize 
weight  leads  tc  higher  speeds  where  practicable.  Calculations  and  discus¬ 
sions  with  clutch  vendors  established  that  12,  000  rpm  would  be  compatible 
with  the  power  requirements  of  the  hoist.  Accordingly,  a  detailed  survey 
was  made  of  known  suppliers  of  clutches  and  preliminary  specifications 
written  for  a  clutch.  Vendors  contacted  in  the  suir.'sy  are  listed  below: 

American  Precision  Iniusiries  Inc. ,  Delaware  Div. ,  East  Aurora,  N.  Y. 
Borg  Warner.  Rockford  Clutch  Division,  Rockford,  Ill, 

Borg  Warner  Corp. ,  Spring  Div. ,  BeUwood,  HI.  60104 
Custom  Products  Gorp. ,  Polyclutchea  Div. ,  North  Haven,  Conn.  06473 
Eaton  Towne  &  Yalo,  Fawiek  Div.,  Cleveland,  Ohio  44111 
Electrical  Company,  Div.  of  Valcor  Cays  Union,  N.  J.  07083 
Foriasprag  Clutch  Co. .  Warren,  Mi. 

Horton  Mfg.  Go. ,  Inc. .  Minneapolis,  Mina.  55414 
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General  Time,  Industrial  Coiitrol«!>  Div. ,  Farrington,  Conn.  06790 
Goodyear  Tire  k  Rubber  Co.,  hot  Angeles,  Ca. 

K>M  Clutch  Co.,  Ontario,  Ca.  91764 
Kelsey  Hayes  Co. ,  Meguon,  Wise.  53092 
Machine  Components  Corp. ,  Piainview,  N.  Y.  11803 
Maxitorq,  The  Carlyle  Johnson  Co. ,  Manchester,  Conn. 

Mercury  Clutch,  Canton,  Ohio 

Philadelphia  Gear,  King  of  Prussia,  Pa.  19406 

Pitts  Industries,  Inc. ,  Dallas.  Texas  75234 

Precision  Specialties,  Inc.,  Pittman,  N.  J.  08071 

The  Bendix  Corp. ,  Utica,  N.  Y.  13503 

The  Conway  Clutch  Co. ,  Cincinnati,  Ohio 

The  Hilliard  Corp. ,  Elmira,  N.  Y.  14902 

The  Marquette  Metal  Products  Co. ,  Cleveland,  Ohio 

Tol-O-Matic,  Inc.,  Minneapolis,  Minn.  55415 

Twin  Disc,  Racine,  Wise. 

Sawyer  Industries,  Inc.,  Arcadia,  Ca.  91006 
Western  Gear  Corp. ,  Lynwood,  Ca. 


Two  types  of  clutches  were  considered  in  the  survey;  a  standard  clutch  for 
use  with  a  hoist  design  incorporating  selective  speed  control  utilizing  two  or 
three  fixed  gear  ratios  for  varying  the  lift  rate  and  secondly  a  controllable 
variable  slip  chitch  for  providing  an  infinite  speed  control  through  its  slip 
range.  The  basic  requirements  established  during  the  preliminary  de  iiign 
were  as  follows. 


Hoist  Clutch  and  Brake  Assembly  {Fixed  Speed  System) 

The  clutch  assembly  shall  permit  the  engagement,  drive,  and  disengap ,ment 
of  a  powered  shaft  to  a  load  shaft.  This  cycle  corresponds  to  the  hoist  lift 
cycle  wkitee  the  load  starts  from  rest,  is  accelerated  to  hoisting  speed  dur¬ 
ing  clutch  engagement,  then  runs  at  fuL  lifting  speed  until  the  clutch  is  dis¬ 
engaged  and  the  load  decelerates  to  rest  and  is  helo  by  »  brake.  The  clutch¬ 
ing  action  during  engagement  and  disengagement  shall  be  smooth  and  without 
jerk. 

The  brake  shall  be  used  to  hold  the  load  at  any  por.Vion  whenever  the  hoist 
is  not  in  its  lifting  mode.  This  braking  action  must  be  coordinated  witli  the 
clutching  action  to  ensure  automatic  brake  actual  'n  whenever  the  clutch  is 
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disengaged  or  whenever  the  driven  shaiw  is  stopped  for  any  reason.  In  addi¬ 
tion,  the  brake  shall  be  capable  of  ’continuously  slipping  the  torque  loads  to 
permit  the  controlled  lowering  and  stopping  of  the  hoist  load. 

The  clutch>brake  envelope  shape,  size,  and  weight  limits  have  not  been 
established  since  these  parameters  are  highly  dependent  upou  the  type  of 
clutch  proposed.  LMSC  will  determin’^  exact  requirements  after  reviewing 
proposed  candidate  designs.  As  a  goal,  the  clutch  and  brake  should  be  as 
small  and  light  as  possible  consistent  with  good  aircraft  design  practices. 

Driving  shaft  and  driven  shaft  arrangement  may  be  concentric  or  end  to  end 
as  dictated  by  design. 

Detail  design  requirements  are  as  follows; 

•  Driving  side  speed,  12,  OOOrpm 

s  Driven  side  speed,  0  -  12,  000  rpm 

2 

«  Driven  side  load  inertia,  0.003  lb  in  sec  (ref.  12,000  rpm  speed). 

Does  not  include  inertia  of  clutch  or  brake  parts, 
a  The  steady  lead  torques  (references  to  12,  000  rpm)  are: 

(1)  16  in.  -lb  minimum 

(2)  52  in.  -lb  maximum 

•  The  angulst-  acceleration  rate  of  the  clutch  driven  side  shall  not 

2 

exceed  800  radians  per  sec 

•  The  clutch  shall  be  capable  of  c<:>ntinuouBly  providing  a  minimum  of 
one  smooth  engagement-drive  disengagement  cycles  per  minute 

•  Ambient  temperature  range,  to  125°F 

s  Actuation  power  source: 

(1)  28Vd.c.  elecU.cal,  or 

(2)  60  p.)i  lubricating  oil  pressure 

•  Life  requirement  (minimum) 

(1)  12,  000  hr  of  operation  without  ove-rhaul 

(2)  f ,  i  00  clutch  engagement-d~ive-dis8ngagement  cycles 

(3)  1,  OOC  brake  f>Uppicg  cycles;  maximum  brake  slip  time.  25  sec. 
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Speed  requirement  may  be  reduced  if  supplier'  design  cannot  operate  at 
12,  000  rpm.  Reduced  speed  designs  must  account  for  the  difference  in 
torques,  mass  moment  of  inertia,  and  acceleration  rate  which  are  referenced 
to  12,  000  rpm  in  these  requirements. 

Hoist  Clutch  and  Brake  Assembly  (Variable  Speed  Systen  } 

The  requirements  for  this  clutch  and  brake  assembly  are  ident-cal  to  the 
'.bove  requirement  except  the  clutch  action  during  the  drive  p'  .'  ion  of  the 
lift  cycle  must  provide  controlled  torqvie  between  driver  and  cirsve*.  sides 
permitting  controlled  hoisting  rates  below  the  clutch  "fully -engaged”  speed 
of  12,  000  jpm. 

The  desired  variable  speed  range  is  5  to  1  which  requires  slip  speeds  ranging 
from  0  to  9,  600  rpm.  Duration  of  slip  time  to  be  a  maxi,  .um  of  25  seconds 
during  any  lift  cycle. 

The  brake  requirements  were  included  with  the  clutch  since  its  requirements 
lends  itself  to  a  more  compact  design  when  designed  to  utilise  cc.'nmon  parts 
w'ith  clutch  where  possible. 

The  survey  results  showed  that  no  standard  clutch  or  brake  capabls  of  meet¬ 
ing  the  requirement  exists.  However,  two  companies  responded  with  accept¬ 
able  special  design  proposals  to  meet  these  requirements.  These  companies 
are  Philadelphia  Gear  Co. ,  Synchrodrive  Div. ,  and  Wcotern  Gear  Corpor¬ 
ation. 


The  acceptable  proposals  incorporated  slip  type  clutches  which  operate  by 
slip  saear  action  of  a  hydroviscous  fluid  to  transmit  torque  from  She  driving 
sxuriace  to  the  driven  surface  within  the  clutch.  This  "slipping  clutch" 
principle  is  the  same  action  that  is  used  in  the  "Synchrodrive"  transmissious 
manufactured  by  the  Philadclpaia  Gear  Corp.  On  the  Synchrodrive  units  the 
input  shaft  is  usually  at  a  fixed  speed  and  the  output  speed  is  regxilated  by 
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controlling  the  clutch  »lip  torque.  The  oUp  torque  is  regulsited  by  an  electro - 
hydraulic  controller  which  compares  the  feedback  signal  obtained  from  a 
tachometer  or  other  transducer  with  a  reference  signal  proportidt^al  to  the 
desired  output  spcfd.  The  difference  between  feedback  and  reference  signal 
is  amplified  and  operates  a  servo  valve  which,  in  turn,  controls  the  torque 
of  the  clutch  through  a  h  /draulic  piston  and  actuating  mechanisms. 

The  clutch  plate  always  operates  with  a  film  of  oil  between  drivei*  and 
driven  surfaces.  The  oil  is  introduced  at  the  inner  diameter  of  the  plates 
where  centr;  i««fai  force  and  oil  grooving  on  the  plates  assures  the  proper 
flow  and  of  oil  for  the  lubrication  and  coolini;  requirement  as 

well  as  maiA'iriniag  the  oil  film  for  transmitting  torque.  Figures  7-6  and 
7-7  show  typical  efficiency  and  speed  modulation  characteristics  of  the 
slip  clutch  design. 

The  clutch  torque  characteristic  as  shown  in  Fig',  7-7  shows  the  ability  of 
the  clutch  to  maintain  a  steady,  almost  flat  torque  speed  curve  from  about 
5  percent  to  60  percent  of  the  slip  range  at  full  load  torque  and  up  to  80  per¬ 
cent  at  20  percent  of  full  load  torque.  This  capability  to  closely  modulate 
the  slip  speed  even  at  very  low  load  torque  is  especially  important  since 
even  light  loads  will  have  accurate  speed  control. 

The  clutch  actuation  pressure  is  provided  by  a  gerator  type  servo  prespure 
pump  moiinted  to  aiid  driven  by  the  same  shaft  which  drives  the  hoist  trans¬ 
mission  system  lubrication  system.  All  components  of  the  drive  system 
share  the  same  oil  supply. 

HOIST  CONTROi.  SYSTEM 

The  control  system  is  an  electrobydraulic  servo  system  (Fig.  7-8),  designed 
to  provide  a  variable  controlled  hoist  lifting  rate  from  a  brawl  speed  (approxi 
mately  50  fpm)  to  the  maximtim  500  £pm.  This  is  accomplished  by  a  hydrau¬ 
lically  controlled  "slipping  clutcb."  where  the  input  speed/output  speed  ratio 
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Fig,  7-6  Efficiency  and  Characteristic 
Curves.  Constant  Torque  Load 
(Ref.  12) 
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Fig.  7-7  Torque  Vs.  Sli«  S|»e6d  and  Percent 
Modulation  for  Ty  ical  Scnchrodrive 
(Ref.  12) 
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is  regidated  through  a  speed  range  o£  approximately  10  to  1.  In  operation, 
the  clutch  pack  transmits  torque  by  hydroviscous  shear  of  the  oil  film  be¬ 
tween  the  driving  and  driven  surfaces  of  the  clutch.  The  driving  plates 
are  mounted  on  the  shaft  and  the  driven  plates  to  the  clutch  housing.  The 
clutch  torque  is  proportional  to  the  axial  clamping  force  applied  onto  the 
clutch  pack,  thus  permitting  the  relatively  simple  electrohydr;7>ulic  method 
of  speed  regulation.  Increasing  the  clamp  up  force  increases  the  clutch 
torque  proportionately  decreasing  the  slip  ratio  between  the  input  and  output 
speeds.  Speed  control  is  obtained  by  an  electronic  controller  which  com¬ 
pares  the  feedback  signal  obtained  from  a  magnetic  tachometer  with  a 
reference  signal  proportional  to  the  desired  output.  The  difference  between 
feedback  and  reference  signal  is  amplified  and  operates  tlie  servo  valve 
which,  in  turn  regulates  the  clutch  torque  by  regulating  the  hydraulic  pres¬ 
sure.  The  electrical  operation  of  the  controller  system  coupled  with  the 
stiffness  of  the  hydraulic  system  provides  response  times  in  milliseconds 
and  speed  regulation  easily  within  0  percent  of  the  maximum  speed. 
Speed  regulation  as  low  as  0.25  percent  may  be  achieved  if  necessary. 


Lowerim 


rstem  Control 


The  lowering  control  is  actuated  by  the  same  thumb  control  used  for  lift 
but  ia  otherwise  completely  independent  of  the  lift  control  system.  The  lift 
modulating  clutch  is  completely  disengaged  during  the  lowering  cycle,  thus 
removing  the  flywheel  from  the  hoist  drive  system.  The  lowering  mo'.or 
is  actuated  as  the  thumb  switch  ik  moved  in  the  "down"  direction  and  increases 
in  down  speed  proportional  to  the  switch  motion.  The  spring  loaded  switch 
is  designed  to  provide  the  operator  with  a  speed  versus  thumb  pressure 
relationship.  The  spring  also  provides  a  "dead  man"  emergency  system 
stop  action  by  automatically  returning  the  switch  to  the  neutral  off  position 
whenever  the  operator's  thumb  ie  removed  from  the  switch. 
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FLYWHEEL  ANCILLARY  REVIEW 

The  success  of  the  flywheel  installation  depends  largely  upon  the  powex* 
ftmction  of  mechanical  ancillary  components  stoch  as  the  flywheel  support 
bearings,  flywheel  housing  seals,  and  vacuum  ptimp.  LMSC  has  conducted 
within  the  past  several  years  a  number  of  studies  and  test  programs  related 
to  these  items.  The  experience  gained  has  heavily  influenced  the  selection 
and  design  of  these  components  discussed  in  the  following  paragraphs. 


Bear  inf 


Findings  from  previous  LMSC  studies  (4)  and  analysis  of  specific  require* 
ments  of  the  rescue  hoist  flywheel  resulted  in  the  selection  of  simple  conrad 
type  bearings  with  cage  design  and  dimensional  tolerances  suited  to  high  speed 
running  characteristics. 


The  basic  bearing  parameters  are: 

•  Bearing  Size 

Bore  diameter  20  mm 

Outer  diameter  42  xnm 

Width  12  mn. 

•  Dynamic  Drag  Torque:  0. 28  in.  -lb.  max.  at  28,  000  rpm 

•  Load  and  Speed  Schedule  -  per  table  in  Appendix  A2 
a  L^q  life  -  7,  000  hr  minimum  per  schedule 

The  flywheel  is  supported  in  a  straddle  mount  arrangement  between  a  pair 
of  single-row,  deep-groove,  conrad  type  ball  bearings.  The  bearing  mount¬ 
ing  arrangement  "fixes'*  the  inner  race  of  both  bearings  to  the  flywheel  shaft. 
The  outer  race  of  only  c..  .  bearing  is  fixed  while  the  other  is  spring  loaded 
axially  to  effect  a  face-to-face  duplex  mounting  arrangement.  This  arrange- 
meut  locates  the  flywheel  shaft  while  maintaining  sufficient  preload  on  the 
bearings  so  that  the  balls  are  in  contacc  with  the  raceways  at  all  tl^aes, 
thus  eliminating  the  possibility  of  ball  skidding.  Previous  LMSC  studies 
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show  that  a  lower  cost  special  design  with  nominal  ABEC  1  tolerances  except 
for  specified  concentricity  and  roundness  limits  would  v  rk  satisfactorily  for 
production  design  quantities.  The  roundness,  £ace-to>race  squareness,  and 
conforming  raceway  concentricity  would  provide  the  necessary  high  speed 
running  characteristics  comparable  to  an  ABEC  5  bearing.  However,  pro> 
totvpe  hoists  will  utilize  bearings  made  to  ABEC  7  tolerances,  normally 
stocked  by  manufacturers  for  the  machine  tool  industry.  The  ball  retainer 
in  either  case  is  a  lightweight,  outer-race  riding  type  suited  to  the  high 
speeds.  Lubrication  and  cooling  oil  for  these  bearings  are  provided  by  two 
oil  jets  per  bearing  impinging  into  the  space  between  the  ball  retainer  and 
inner  race.  One  oil  jet  per  bearing  is  normally  sufficient  but  two  per  bei^r^ 
ing  is  used  to  provide  redundancy  as  insurance  against  oil  starvation  in  case 
of  a  clogged  oil  jet.  The  oil  jet  orifice  is  0.  030  in.  in  diameter  a  residt 
of  experience  which  establishes  this  as  the  smallest  practical  jet  diameter 
normally  able  to  pass  foreign  materials,  e.g. ,  lint,  metal  paxticle;;, 
products  of  wear  commonly  found  in  transmission  oil  systenis. 

The  violent  oil  misting  action  cr'^ated  when  the  oil  jet  imping  its  the  rotating 
bearing  race  and  balls  also  supplies  lubrication  for  the  rotnry  i^ce 
Large  drain  passages  are  provided  tu  ensure  thorough  draining  and  scaveng¬ 
ing  of  the  "used  oil"  from  the  space  surrounding  the  bearings  and  seals. 

This  will  ensure  against  unwanted  heat  and  absorption  of  power  due  to  churn¬ 
ing  pockets  of  oil. 

The  bearing  bore  diameter  selected  in  based  principally  on  the  minimum  dia¬ 
meter  shaft  that  can  be  used  and  still  maintain  the  critical  speed  of  the  fly¬ 
wheel  above  its  rotational  speed.  Operation  above  speed  changes 

the  spin  axis  from  the  bearing  axis  to  the  center  of  gravity  of  the  flywheel. 
For  example,  a  flywheel  with  an  imbalance  of  0.001 -in.  displacement,  will 
have  its  center  of  mass  0.001  in.  from  the  bearing  axis.  At  speeds 
critical,  the  flywheel  center  of  mass  will  orbit  around  the  bearing  spin  a?ris 
causing  a  rotating  centrifupil  force  on  the  bearings. 


The  formula  for  cer*?i£ugal  force  i»; 


CF  =  mr^jf 


Where: 


CF  =  centrifugal  force  (lb) 

2 

m  ~  niaac  (lb- sec  /ft) 

r  =  displacement  of  CG  from  spin  asis  (ft) 
CO  =  rotational  speed  (rad/sec) 


Figure  7-9  illustrates  the  imbalauce  plotted  against  rotational  speeds  gen¬ 
erally  applied  to  rotating  components  common  to  industry.  An  imbalance 
of  0.0002-in.  displacement  for  the  flywheel  assembly  is  used  as  the  prac¬ 
tical  limit  for  simple  bniancing  equipment.  The  centrifugal  force  created 
■f  thir  itnbalance  ie  the  steady  rotating  force  imposed  upon  the  bearings. 


Fig.  7-9  Flywheel  Imbalance  DispU'cement  Vs.  Rotational  Speed 
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In  order  for  the  flywheel  eeaembly  to  function  efficiently,  it  muat  be  houaed 
in  ft  chamber  permitting  it  to  rotate  in  a  very  low  gas  pressure  environment. 
Windage  losses  with  even  small  amounts  of  air  surrounding  the  flywheel  can 
be  detrimental  by  incurring  a  heavy  horsepower  less  to  the  system.  The 
hoist  flywheel  is  designed  to  operate  in  a  vacuum  level  under  5.  0  mm  of 
mercury.  This  pressure  level  was  determined  primarily  by  the  two  power 
nbsorbing  functions  shown  fr.  Fig.  7-10.  These  are:  (1)  windage  loss,  and 
(2)  vacuum  pump  power  requirement.  The  curves  representing  flywh'sel 
windage  loss  and  vacuum  pump  power  requirement  cross  at  about  4.  0  mm 
Hg  indicating  the  sum  total  of  these  two  losses  to  be  the  lowest  at  that  point. 

The  vacuum  level  cen  be  classed  as  follows: 

•  Low  vacuum  760  to  25  nnm  Hg 

•  Medium  vacuum  25  to  10~^  mm  Hg 

•  High  to  ultrahigh  vacuum  10"^  mm  Hg  and  up 

Commonly  used  vacuum  .lystems  fall  iato  the  low  vacuum  levels  associated 
with  the  needs  of  the  processing  or  materiel ••h£iMiiing  industries  or  into  the 
high  to  uitrahigh  vacuum  utilised  in  the  laboratoriea  to  simulate  space  con¬ 
ditions. 


The  vacuum  level  required  for  the  flywheel  chamber  ranges  from  3u  mm 
Hg  dvwn  to  u^ider  5  mm  Hg,  depending  on  flywheel  and  flywheel  housing 
design.  Industrial  pumps  are  usually  of  the  vane  or  piston  types  and  the 
vacuum  pressure  level  is  limited  to  about  28  to  29  in.  of  Hf  ''ith  shaft 
speeds  seldom  exceeding  3,500  rpm.  Figure  7-11  shows  the  .isic  types 
of  vacuum  pumps  Shat  are  cocc^nercially  available.  Pumpe  are  arranged 
from  left-to-ri/|ht  in  ascending  order  with  respect  to  vacuum  leval  capability. 

The  hoist  flywheel  requires  a  simple,  reliable,  maintenance-free  pump.  Of 
those  depicted  in  Fig.  7-11,  the  rotary  vane  comes  closest  to  these  require- 
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meats.  However,  its  lowest  vacuum  levels  only  approach  the  v’pper  limits 
of  air  pressure  that  can  be  tolerated  witiaia  the  flywheel  housing.  The  others 
have  the  necessary  vacuum  capability  but  are  too  compleacp  eapeasive,  and 
heavy  for  effective  use  on  the  traasmissioa. 

The  final  selection  is  the  gerotor  type  mechanical  pump  shown  in  Fig.  7- 12. 

It  is  a  lightweight,  simple,  mechanically -driven  pump  used  successfully  for 
many  years  as  a  fluid  pump  for  transmissions  and  hydraulic  systems. 

The  operation  of  th  pump  is  illustrated  in  Fig.  7-13.  The  pumping  mechan¬ 
ism  consists  of  two  ydements.  an  inner  rotor  and  outer  rotor.  The  inner 
element  always  has  one  less  tooth  than  the  outer. 

The  volume  of  the  "missing  tooth"  multiplied  by  the  number  of  driver  teeth 
determines  the  volun.'e  of  fluid  pumped  at  eac<^<  evolution  (cubic  displacement 
per  revolution).  The  number  of  teeth  may  vary,  depending  on  s'jch  design 
considerations  as  volume  to  be  pumped,  speed,  and  available  pump  envelope, 
but  the  inner  element  always  has  one  lesc  tooth  than  the  outer. 

As  the  toothed  elements,  mounted  on  fixed  centers  but  eccentric  to  each 
other,  turn,  the  chamber  between  the  teeth  of  the  inner  and  outer  elements 
gradually  increases  in  size  through  approximately  180  deg  of  each  revolution 
until  it  reaches  its  nnaximum  size  —  equivalent  to  the  full  volume  of  the  "miss 
ing  tooth."  Dfiring  this  initial  half  of  the  cycle,  the  gradually  enlarging  cliam 
ber  is  exposed  to  the  suction  port  creating  a  partial  vacuum  into  which  the 
liquid  flows.  During  the  subsequent  180  deg  of  (be  revolution,  the  chamber 
gradually  decreases  in  size  as  the  teeth  mesh  and  the  fluid  is  forced  out  the 
discharge  port. 

The  pump  configuration,  consisting  of  an  Lsteraal  gear  and  mating  rotor, 
provides  inherent  advantages  suited  to  the  higher  speeds  associated  with  the 
flywheel  transmission.  Both  elements  revolve  in  the  same  direction  and 
the  relative  speed  between  them  is  proportional  to  the  tooth  ratio;  thus. 
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Fig.  7-12  G«rot3r  Type  Mechanical  Pump  -  Croaa  Section 


Fig.  7-13  Operating  Cycle  of  Gerotor  Pump 
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high  ahaiit  speeds  result  in  low  rel&tlve  pump  element  speeds.  Rotor  speeds 
o£  7, 000  tc  8,  000  rpm  on  medium-sised  pumps  (2~in.  diam. )  are  common, 
and  speeds  approaching  60,  000  rpm  have  been  run  sttcce8s^^!llly  on  smaller 
units. 


The  basic  slaing  formula  for  a  vaci^um  pump  is; 


2.  3 

"ST 


(V)  log 


Q  +Q 
o 


2 


where 

Cp  =  pump  load  capacity  (cfm> 

=  pumpdown  time  (min) 

3 

V  =  free  volume  in  flywheel  housing  (ft  ) 

Pj  =  initial  pressure  (mm  Hg,  abs) 

P2  =  final  or  working  vacutun  pressure  (mm  Hg,  abs) 

=  outgassing  load  (Torr-cfm) 

Q2  =:  leakage  load  (Torr-cfm) 

The  pump  sise  using  the  formula  is  3.  20  cfm.  Detailed  pump  calculation's 
are  given  in  Appendix  A3. 


The  first  term  of  the  formula  is  governed  primarily  by  the  volume  and  piunp 
down  time.  It  represents  the  pump  sise' required  if  outgassing  an'  eakage 
are  assumed  to  be  sero.  The  second  part  represents  the  pump  sise  require 
ment  due  to  outgassing  and  leakage.  The  small  outgassing  surface  areas 
involved  and  the  type  of  materials  used  for  the  flywheel  and  housing  contri¬ 
bute  to  a  negligible  outgassing  load,  conservatively  estixnated  as  0. 1  Torr- 
cfm.  The  leakage  rate  is  the  most  important  factor  in  rising  a  pump 
for  a  flywheel  housing.  A  plot  of  pump  sise  versus  leakage  rate  is  shown 
in  Fig.  7-14. 
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Since  the  primary  use  of  a  gerotor  type  pump  is  for  positive  pressure,  there 
was  little  information  available  for  its  use  as  a  vacuum  pump.  Discussions 
with  engineering  personnel  representing  the  W.  H.  Nichole  Company  (Wal¬ 
tham,  Mass. )  provided  the  necessary  impetus  for  further  Investigation. 

Tests  were  conducted  on  a  two-element  pump  assembly  at  the  Nichols  Com¬ 
pany  and  at  the  LMSC  Ground  Vehicle  Test  Facilities  in  Sunnyvale,  Califor¬ 
nia  (ref.  Appendix  A3).  The  important  parameters  under  test  were  as 
follows: 

•  Maximtim  vacuum  level  attained 

•  Pumpdown  time 

•  Driving  power  requirements 

The  tests  simulated  the  conditions  that  a  vacuum  pump  would  encounter  in  a 
flywheel  transmission.  The  conclusion  drawn  from  the  test  results  is  that 
the  pump  provides  the  performance  requirements  necessary  to  make  it 
acceptable  for  use  as  the  vacuum  pump  in  the  flywheel  transmission.  Test 
results  are  summarized  in  the  following  paragraphs. 

The  pump  sustains  low  air-pressure  levels  consistently  under  5.  0  mm  Hg, 
and  the  pumpdown  time  to  10  mm  Hg  never  exceeded  25  sec,  even  at  the  low¬ 
est  test  run  speed  of  5,200  rpm.  Figure  7-15  shows  a  typical  pumpdown 
time  plot  from  the  test  recorder. 

It  should  be  noted  that  the  pump  used  was  not  designed  specifically  for  the 
application  —  it  was  designed  for  use  as  a  scavenger  pump  in  a  gas  turbine. 
The  only  adaptation  made  for  vacuum  pump  operation  was  to  provide  approxi¬ 
mately  a  10-in.  head  of  oil  in  a  standpipe  on  the  discharge  port.  This  en¬ 
sured  continuous  lubrication  for  the  rotors  and  provided  "oil  sealing"  be¬ 
tween  parts.  In  normal  use  of  the  gerotor-type  pump  (In  a  pressure  or 
scavenging  application),  there  is  no  need  for  these  special  features  because 
the  fliiid  flow  through  the  pump  is  sufficient  to  lubricate  and  to  disperse 
heat.  However,  as  a  vacuum  pump,  it  does  not  have  the  oil  flow  necessary 
for  lubrication  and  cooling.  A  second  set  of  pump  elements,  adjacent  to  the 
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vacuum  elements  and  driven  by  the  same  shaft,  provide  the  necessary  cool¬ 
ing  for  the  vacuiim  pump  elements  and  also  provides  scavenging  for  the  fly¬ 
wheel  support  bearings  and  seals. 

Rotary  Shaft  Seals 

The  rots.ry  seal  around  the  flywheel  support  shaft  must  minimize  oil  and  air 
leakage  into  the  flywheel  vacuum  chamber  to  maximise  flywheel  efficiency 
and  to  permit  the  use  of  a  reasonably  small  vacuum  pump.  The  leakage 
rate  is  the  primary  factor  in  determining  the  pismp  size. 

The  importance  of  low  leakage  is  illustrated  in  Fig.  7-14  which  shows  that 
only  a  0.  14  cfm  pxunp  is  required  for  pumping  down  the  small  flywheel  hous¬ 
ing  volume  and  the  added  capacity  requirement  is  proportional  to  air  leakage. 
In  other  words,  the  smaller  the  leak,  the  smaller  the  pump. 

Labyrinth  type  seals  were  eliminated  from  consideration  because  of  its  high 
leakage  rates  and  only  rubbing  seals  studied. 


In  the  rubbing  seal  category,  a  second  major  breakdown  divides  the  contact 
type  seals  into  two  types.  The  first  is  the  lip  seal  with  its  sealing  action 
provided  by  an  interference  fit  between  a  smooth  rotating  shaft  surface  and 
a  flexible  sealing  element.  The  sealing  element  is  usually  made  of  leat'ier 
or  synthetic  elastomers  and  the  interference  fit  is  usxxally  augmented  by 
spring  pressure  provided  by  a  garter  type  or  finger  type  spring.  The  second 
contact  type  seal  is  the  "face  seal"  which  creates  dynamic  sealing  in  a  plane 
vertical  to  the  shaft  axis.  This  type  of  seal  has  two  parts  —  the  seal  cart¬ 
ridge,  consisting  of  the  housing,  end  face  (nose)  element.,  and  spring  assem¬ 
bly;  and  the  rubbing  ring,  which  is  the  mating  element  that  provides  a  smooth 
flat  sealing  surface.  For  high  speeds,  the  end  face  is  normally  made  of 
carbon  and  treated  to  reduce  friction,  and  the  xnatlng  ring  is  made  of  close- 
grained  cast  iron  or  steel.  Table  7-1  is  a  brief  summary  of  characteristics 
of  the  two  groups  of  contact  seals. 
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Table  7-1 

SEAL  CHARACTERISTICS 


Parameter 

Lip  Seals 

Fare  Seals 

Nominal  Speed  Rating 

0  to  3,  000  fpm 

0  to  50,  000  fpm 

Life 

Good 

Good  to  excellent 

Dynamic  Friction 

Good  to  poor 

Good  to  excellent 

Cost 

Low 

High 

Ease  of  Replacement 

Good 

Normal 

Misalignment 

Tolerances 

Excellent  for  axial 
runout;  good  for 
radial  rtinout 

Excellent  for  radial 
rtmout;  good  for  axial 
runout 

Fluid  Leakage 

12  to  48  drops/day 

2  to  3  drops/day 

Cas  Leakage 

-- 

0.  1  Torr  cfm 

In  addition  to  the  high  speed  and  low  leakage  requirement,  low  drag  loss  is 
necessary  for  maximiwn  system  efficiency. 

Preliminary  figures  for  power  loss  were  obtained  using  the  coefficient  of 
friction  of  carbon  bearings?  and  applying  it  to  the  following  formula: 

-  P  ’M.  .  r  .  N 
hp  -  *—537025 — 

where: 

P  =  axial  force  (ib) 

/tc  =  coefficient  of  friction 
r  -  mean  radius  of  seal  nose  (in. ) 

N  =  sliaft  speed  (rpm) 

Values  thus  obtained  were  used  for  all  the  preliminary  flywheel  seal  losses. 
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Additionally,  high  speed  teats  were  conducted  on  a  Cartriseal  face  seal. 

Figure  7-16  shows  the  drag  versus  speed  relationship  of  the  seal  with  vari¬ 
ous  nose  loads.  Seal  losses  were  about  double  that  originally  estimated  for 
the  test  seal  but  is  expected  to  be  reduced  down  to  about  the  original  values 
by  using  a  dense  hard  chrome  finish  on  tlie  rubbing  ring. 

Calculated  loss  at  rated  flywheel  speed  is  0.  055  hp  per  seal. 

INSTALLATION  CONSIDERATIONS 

There  are  four  optional  locations  in  the  helicopter  for  the  installation  of  the 
hoist  and  room  assembly.  Consultation  with  military  users  has  indicated  the 
ability  to  use  all  locations  is  not  necessary,  and  the  optimum  location  for  the 
boom  assembly  is  the  right  forward  position.  The  selection  of  this  location 
permitted  certain  design  advantages  which  were  used  in  one  of  the  configur¬ 
ations. 

There  are  certain  problems  with  the  present  hoist  installation  which  became 
evident  during  operation  of  the  hoist  in  the  helicopter  cabin  mockup  (Fig.  7-17). 
One  of  the  problems  is  that  with  the  hoist  boom  arm  fully  extended  the  hoist 
cable  passes  within  12  in.  of  the  helicopter  landing  skid;  as  a  rescuee  is 
raised,  there  is  inadequate  clearance  as  the  skid  is  passed  (Fig.  7-18). 

Another  problem  is  that  with  the  jungle  penetrator  installed,  the  bottom  of 
the  penetrator  will  not  clear  the  floor  with  the  hook  in  the  up  position,  so 
that  the  boom  assembly  cannot  be  rotated  inside  the  helicopter  with  a  load  on 
the  penetrator.  A  third  problem  is  that  the  hoist  portion  of  the  hoist  assem¬ 
bly  infringes  on  the  needed  rescue  space  which  makes  it  difficult  for  the 
hoist  operator  (Fig.  7-19).  There  are  two  installation  configurations  being 
considered. 

The  first  configuration  (Fig.  7-20)  consists  of  mounting  the  hoist  package 
near  the  bottom  of  a  vertical  pole  in  tne  same  manner  as  the  present  con¬ 
figuration,  with  the  hoisting  rope  coming  off  the  drum,  going  through  a  sheave 
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Fig.  7-18  Rescuee  Passing  Helicopter  Skid  Gear 
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mounted  near  the  base  of  a  horizontal  boom  member,  then  going  through  a 
traction  aheave  mounted  in  the  end  of  the  horizontal  boom  and  on  down  to 
the  load. 

The  second  configuration  consists  of  mounting  the  hoist  package,  either  on 
the  ceiling  or  a  vertical  pole,  placed  diametrically  opposite  the  existing 
hoist  installation,  taking  the  hoisting  rope  across  under  the  ceiling  and  run¬ 
ning  along  side  a  vertical  pole  through  a  set  of  roller  guides  and  out  of  a 
traction  sheave  at  the  end  of  the  horizontal  boom  member.  See  Fig.  7-21. 

The  second  configuration  has  several  advantages  over  the  present  installa¬ 
tion  in  that  by  moving  the  hoist  portion  to  the  other  side,  the  lateral  moment 
loading  produced  by  the  installation  will  be  minimized.  This  will  allow  the 
use  of  a  longer  boom  arm  without  changing  the  existing  moment  loading; 
this  also  will  provide  additional  clearance  (approximately  5  in. )  between 
the  hoisted  load  and  the  helicopter  skid. 

Another  advantage  of  this  approach  is  due  to  the  removal  of  the  hoist  from 
the  bottom  of  the  vertical  pole,  thus  providing  additional  clearance  in  the 
working  area  for  the  operator.  This  arrangement  also  lends  itself  to  easy 
replacement  of  the  hoisting  rop.'s  during  a  rescue  mission.  In  the  event  of 
a  rope  hang-up  the  rope  could  be  cut  with  the  guillotine  or  a  backup  cutting 
device  and  a  replacement  rope  drum  and  rope  carried  on  the  helicopter 
could  be  installed  on  the  hoist,  restrung  on  the  boom  assembly,  and  the 
rescue  operation  continued  without  returning  to  base. 
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and  Boom  Assotnbly 


The  following  plans  are  recommended  for  subsequent  program  phases,  which 
will  provide  for  the  design,  fabrication,  and  testing  of  a  prototype  hoist 
based  on  the  concept  selected  in  the  present  phase  as  the  most  promising. 
The  two  subsequent  phases  described  below  are  in  turn  intended  to  be  fol¬ 
lowed  by  a  military  potential  evaluation.  Figure  8-1  depicts  the  testing 
aspects  of  the  entire  program  In  terms  of  verification,.  The  present  phase 
has  selected  the  most  promising  concept.  Phase  11  in  turn  verifies  that  this 
concept  performs  under  simulated,  specific  conditions.  Phase  HI  verifies 
that  critical  components  will  be  satisfactory  and  that  the  completed  assem¬ 
bly  does  indeed  perform  as  intended.  This  is,  in  turn,  followed  by  a  veri¬ 
fication  that  the  hoist  also  performs  adequately  under  actual  flight  condi¬ 
tions  and  that  this  performance  is  suitable  to  actual  operational  conditions. 

A  schedule  for  Phases  II  and  in  is  presented  in  Fig.  8-2. 

PROGRAM  PLANNING,  DIRECTION,  AND  COORDINATION 

Planning,  direction,  and  coordination  will  be  provided  for  all  aspects  c ' 
Phase  11  and  Phase  III.  These  tasks  include  such  functions  as  interlace 
with  the  Contracting  Officer's  Representative,  schedule  and  cost  control, 
coordination  of  task  groups,  and  coordination  of  Government/Contractor 
conferences. 

PHASE  n  -  FINALIZE  HOIST  DESIGN  CONFIGURATION 

In  Phase  II  the  necessary  verification  tests  and  design  analyses  will  be  con¬ 
ducted  by  the  contractor  to  establish  the  suitability  of  the  design  prior  to 
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Fig.  8-1  Verification  Testing 
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Fig.  R-2  Program  Schedule  —  Phase  II  and  Phase  III 
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the  start  of  the  final  detailed  design  in  Phase  HI.  Phase  II  will  begin  with 
the  contract  award  and  ejctend  for  a  period  of  four  months. 

Finalise  Requirements 

The  configuration  previously  selected  as  the  most  feasible  for  a  high  per> 
formance  hoist  will  be  reviewed  (in  conjunction  with  the  Contracting  Officer's 
Representative)  and  the  following  hoist  characteristics  will  be  established  as 
design  goals: 

•  Maximum  weight 

•  Volumetric  and  dimensional  limitations 

e  Operational  duty  cycles  (with  loads  and  rates) 
e  Mounting  and  installing  constraints 

•  Control  requirements 
e  Usable  cable  length 

e  Required  accessories 

Hoist  requirements  will  be  finalized,  including  design  factors,  and  a  deter¬ 
mination  of  materials  and  processes. 

Hazard  Appraisal 

A  preliminary  appraisal  of  potential  hazards  will  be  made  to  establish  safety 
assurance  test  plans.  Included  will  be  the  areas  of: 

e  Suitability  of  hoisting  rope  and  handling  technique  for  human  use 
e  Special  problems  peculiar  to  flywheels 

•  Reliability  of  safety  critical  components  (motors,  drives,  vacuum 
pump,  etc. ) 

e  Clutch  and  brake  heat  dissipation 

•  Functional  suitability  of  safety  devices  such  as  fail  safe  brake 
application  and  control  fail-safe  modes 

e  Structural  integrity  of  installation  in  aircraft 

•  Effects  on  stability  and  control  of  the  aircraft 
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Simulation  Teat  Plitiif 

Plans  (or  design  and  fabrication  of  special  equipment  will  be  executed  for  test 
program  simulating  the  function  of  the  selected  hoist  concept. 

Simulation  Test 

A  test  will  be  conducted,  simulating  the  geometry,  speeds,  and  loads  of  the 
selected  preliminary  design,  to  verify  the  suitability  of  the  chosen  hoisting 
material  and  method  over  the  prescribed  hoist  line  replacement  Hie.  Relia¬ 
bility  will  be  evaluated  through  a  complete  spectrum  of  hoisting  conditions 
including:  with  full  load  and  unloaded;  at  full  and  low  speed;  under  empty, 
partly  reeled  and  fully  reeled  conditions;  and,  with  changes  of  pace  at  full 
acceleration  rates.  Sufficient  cycles  will  be  executed  to  establish  abrasion 
resistance,  durability,  and  .ack  of  degradation  with  use. 

Evaluation  will  be  made  of  the  selected  rope  pulling  technique,  means  of 
level  winding  on  storage  reel,  and  the  suitability  of  the  rope  for  high  speed 
reeling.  Bending  characteristics  of  the  hoisting  material  will  be  verified. 

The  use  of  the  descent  drivs  arrangement  at  high  speed  will  be  included. 


Layouts  will  be  made  of  the  selected  hoist  design.  Vendor  designs  'vill  oe 
reviewed  for  component  selection.  Specifications  will  be  prepared  for  ea-'ly 
procurement  of  long-lead  items.  Layouts  of  control  system  and  installation 
in  aircraft  will  be  included. 

Phase  IH  Program  Plans 


Information  necessary  to  establish  program  plans  for  Phase  III  (which  will 
lead  to  the  military  potential  evaluation  tests,  demonstrations,  and  perform¬ 
ance  vet'Mcaticn  of  the  hoist)  will  be  furnished  by  the  contractor.  Firm 
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program  plane  will  be  developed  for  the  final  detailed  design,  fabrication, 
checkout,  and  testing  (including  safety  assurance)  of  a  full-size  prototype 
helicopter  hoist  system  sxiitable  for  military  tests. 

PHASE  m  -  DESIGN,  FABRICATE.  AND  CHECKOUT  MILITARY 
POTENTIAL  TEST  PROTOTYPE 

Phase  III  will  encompass  the  final  design  of  the  prototype  hoist,  fabrication 
of  one  prototype  hoist  (with  spares),  and  testing  of  the  prototype  hoist.  This 
phase  will  begin  with  the  Contracting  Officer's  Representative  approval  and 
end  seven  months  later. 

Test  Plans 

Plans  will  be  developed  for  the  testing  of  flywheels  and  other  components. 

Such  tests  will  include  both  supplier  tests  anO  LMSC  tests.  Any  special 
equipment  which  may  be  required  will  be  designed  and  fabricated.  Addi¬ 
tional  planning  will  include  functional  checkout  of  the  prototype  assembly  and 
flight  safety  assurance. 

Component  Testing 

Tests  and  inspections  will  be  conducted  to  verify  the  safety  and  performance 
characteristics  of  each  flywheel.  In  addition  to  quality  assurance  insp'^ction 
and  non-destructive  testing  to  verify  conformity  to  drawings  and  specifica¬ 
tions,  an  over  speed  spin  test  at  150  percent  of  design  speed  will  be  performed. 
Vacuum  chamber  tests  will  be  conducted  to  establish  windage  losses. 

The  reliability  and  ftmctional  suitability  of  other  critical  components  will  be 
verified  by  testing  by  either  LMSC  or  the  supplier.  These  items  include  the 
two  electric  motors,  bearings,  seals,  vacuum  pump,  brake,  and  clutch. 
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Prototype  Detail  Peaiga 

Weight  and  structural  analysis  and  detail  drawings  oi  the  hoist  prototype 
layout  will  be  made. 

Fabrication 


One  prototype  helicopter  hoist,  together  with  spares,  will  be  fabricated  and 
assembled.  The  quantity  and  types  of  spares  shall  be  approved  by  the  Con¬ 
tracting  Officer’s  Representative. 

Hoist  Assembly  Tests 


Checkout  of  completed  hoist  assembly  and  its  components,  under  no  loavl, 
load,  and  overload  conditions,  will  be  followed  by  functional  tests  simoiat- 
ing  a  full  spectrum  of  operations.  Both  manual  and  automatic  modes  will 
be  included,  and  failure  modes  simulated  to  checkout  safety  devices.  Suf¬ 
ficient  height  will  be  provided  to  allow  both  acceleration  to,  and  decelera¬ 
tion  from,  full  speed.  Particular  emphasis  will  be  given  to  brake  and  clutch 
performance  after  repeated  cycles. 

Flight  Safety  Assurance  Test 


Structural  integrity  of  the  attachment  of  the  hoist  assembly  in  an  Army  fur¬ 
nished  aircraft  will  be  evaluated.  Sufficient  tests  will  be  performed  to 
assure  that  operation  of  the  hoist  will  not  cause  the  stability  and  control 
limitations  of  the  aircraft  to  be  exceeded.  Moments  generated  by  gyroscopic 
precession,  lateral  unbalance,  and  dynamic  loads  will  be  included. 

A  functional  checkout  of  the  boom  extension- retraction  system  will  be  made. 


8-7 


LMSC-D267477 


Docmnentation 

Btief  narrative-type  progress /status  reports  will  be  presented  each  month. 
A  final  report  at  the  end  of  Phase  III  will  present  test  results  and  conclu¬ 
sions  and  recommend  further  activities  for  military  potential  evaluation. 
Preliminary  operating  and  maintenance  instructions  will  be  included.  The 
contractor  will  also  prepare  and  deliver  a  final  briefing  to  the  Government 
covering  the  results,  conclusions,  and  recommendations  derived  from  the 
contract  work. 
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Section  9 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  overall  concluuion  of  the  flywheel-powered  High  Performance  Rescue 
Hoist  Feasibility  Study  is  that  flywheel  energy  storage  will  provide  the  power 
requirements  easily  permitting  a  five-fold  improvement  in  lifting  speed  over 
the  present  U.  S.  Army  inventory  hoist.  Although  the  specific  energy  of 
candidate  flywheels  studied  are  not  sufficient  to  make  a  flywheel -only  hoist 
practical,  a  flywheel /motor  combination  will  permit  the  design  of  a  High 
Performance  Helicopter  Rescue  Hoist  without  imposing  addi(i<!)id)  powei- 
drntn  upon  the  helicopter  than  the  existing  hoist  t/qf-ero 

Specific  conclusions  and  recommendations  are  as  follows; 

(1)  A  flywheel/electric  motor  combination  provides  the  most  efficient, 
lightweight  method  of  providing  lai«;e  amounts  of  power  necessary 
in  performing  high  speed  rescue  hoist  operations.  A  73.  5  w-hr 
capacity  flywheel  operated  through  a  2;1  speed  range  and  contin¬ 
ually  charged  by  a  2.  0  hp  d.c.  motor  provides  enough  energy  to 
handle  the  hoisting  requirements  encountered  in  the  field  at  speeds 
in  excess  of  five  times  that  of  the  present  hoist  system. 

(2)  A  typical  hoist  rescue  mission  scenario  (for  design)  consists  of 
lifting  six  200-lb  loads  followed  by  a  600-lb  load,  all  in  rapid  suc- 
cestion  to  a  height  of  210  ft  (toUl  weight  1, 300  ib)  at  lifting  speeds 
of  500  ft/min. 

(3)  The  500  ft  per  min.  lift  rate  is  compatible  with  the  advancement  in 
the  "state-of-the-art"  sought  at  this  time.  Additional  increase  in 
speed  should  be  considered  in  the  next  generation  high  speed  res¬ 
cue  hoist  along  with  improvements  in  the  man-niachine  rescue 
system. 
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(4)  Commutation  apaed  limits  of  d.  c.  motors  preclude  direct  motor 
drive  of  the  flywheel  at  its  opMmai  rpesd.  A  simple  spur  gear 
speed  increaser  for  increased  sluift  speed  is  the  most  direct  light-' 
weight  design  for  connecting  motor  to  flywheel. 

(5)  The  slip  clutch  power  transmission  system  offers  the  simplest, 
lightweight  means  of  connecting  flywheel  power  to  the  hoisting 
mechaniem.  Hydraulic  actuation  with  electronic  controls  especi¬ 
ally  suited  to  the  slip  clutch  is  within  the  state-of-the-art  and 
readily  adaptable  to  the  hoist  control  requirements. 

(6)  The  optimiun  flywheel  geometry  is  a  modified  exponencial  or 
conical  disc. 

(7)  The  optimum  flywheel  material  is  common  high-strength  steel 
such  as  AISI  4340. 

(8)  The  design  of  steel  disc  flywheels  is  simple  and  straight-forward, 
and  performance  is  highly  predictable.  Manufacturing,  inspection, 
and  test  techniques  are  well  established  for  similar  hardware  such 
as  turbine  rotors. 

(9)  Gyrodvnamic  effects  of  the  flywheel  on  the  control  of  the  helicopter 
is  negligible. 

(10)  Design  of  flywheel  with  adequate  safety  margins  will  preclude  fly¬ 
wheel  destruction  from  rotative  forces. 

(11)  Plastic  braided  rope  has  many  properties  making  it  the  prime 
candidate  for  use  on  the  high  speed  rescue  hoist. 

(12)  Additior^l  studies  and  tests  are  recommended  to  verify  ami  aug¬ 
ment  the  findings  on  rope  characteristics  and  rope  handling  tech¬ 
niques  of  this  program. 

Program  plans  for  the  development  and  test  of  a  High  Performance  Heli¬ 
copter  Rescue  Hoist  are  gives  in  Section  8,  Future  Program  Plano. 
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Appendix  Ai 

FLYWHEEL  WINDAGE  LOSSES 

For  loss,  in  terms  of  ffte&dy-st&ge  windage: 

I 

U  ftni  /I  ^  2.  3  ,  .  P  .0.  8  ,  N  »2.  8  .4. 6  .  .0.  2 

hp  =  0,  006  (1  +  )  (rf)  ^ 


where: 


Flywheel  tip  thickness  =  0.  343  in. 

Flywheel  outer  radius  s  6.  0  in. 

Flywheel  housing  press,  s  0.  097  psia 
Flywheel  housing  air  temperature  s  520°R 
Flywheel  rotational  speed  s  (N)  rpm 
Air  viscosity  =  0.  0431  Ib/hr-ft 


hp  =  0.W06  (1  (3^)®'®  (6.0)^*^  (0.0431)°-^ 


hp  »  19.25  X  10"^ 

10^ 


Losses  for  various  speeds  are  tabulated  below: 


N  RPM 

(-^4)2-8 

HP  Loss 

32, 000 

26 

0.  500 

28, 000 

17.8 

0.  342 

24.  000 

11.6 

0. 223 

20. 000 

6.95 

0. 134 

16. 000 

5.73 

0.  072 

Al-I 
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Evaluating  the  effect*  of  varying  preesuree  at  28, 000  rpm; 


hp  «  CP®*®  *  0.342 


C 


0.S42 
(0  097)®*® 


0. 342 

CTS?  ** 


2.22 


Losses  for  pressure  level*  0  -  30  mm  Hg  are  tabulated  below: 


Pressure 


0.8 

«g 

P  PSIA 

P 

HP 

0 

0 

0 

0 

5 

0.  097 

0.154 

0.  342 

10 

0. 193 

0.268 

0.  594 

15 

0.  290 

0. 371 

0.823 

20 

0.366 

0.467 

1.035 

30 

0.  580 

0.647 

1.435 

Al-2 
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Appendise  A2 

FLYWHEEL  BEARING  CALCULATIONS 


Principal  bearing  loads  consist  of  centrifugal  force  and  precession  loads. 
For  centrifugal  force  loads  (CF): 


Data 

r  s  displacement  of  CG,  16.7  x  10"^  ft  (0.  0002  in. ) 

Flywheel  weight,  W  =  13.50  1b 

Speed,  N  =  28. 000  rpm,  N^  =  7.84x10® 


Calculations 

CF  =  3.41  X  10“*  Wr  N^ 

s  (3. 41  X  10“^)  (13.  5)  (16, 7  X  10‘®)  (N^) 
=  7.60  X  10-8  n2 
=  (7.68  X  10*8)  ^  jq8j 

=  60. 2  lb 


For  processional  torque  load,  Tp: 


Tp  « 

Data 

I  =  0.  045  ft-lb  oec^ 
o 

u>  =  Flywheel  operating  speed,  rad/ sec  =  2, 930  rad/sec 
XV  =  Precesk'ional  rotative  speed,  rad/sec  s  0.0  rad/sec 


Calculations 

Tp  s  0.045x  2,930x  1.0  =  132  ft-lb 
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Tp  for  varioua  precession  retes  are  tabulated  below: 

Rad/Sec 


N 

RPM 

W 

Rad/Sec 

JLl* 

1.0  0.8  0.6 

Precession  Torque, 

0.4 

ft-lb 

0.2 

16.  000 

1,675 

113 

75 

60 

45 

50 

15 

20,  000 

2.090 

140 

94 

75 

56 

38 

19 

24, 000 

2,510 

170 

113 

90 

68 

45 

23 

28, 000 

2,930 

198 

132 

105 

80 

53 

27 

32, 000 

3,350 

226 

150 

120 

90 

60 

30 

Flywheel  Assembly  Bearing  Life  Analysis 

The  Ljq  rating  for  the  bearing  is  calculated  as  follows: 

_  50,000  (^B)^ 

*Ljo  =  — - 

where 

N  s  rpm 

Cg  =  basic  radial  load  rating  at  33-1/3  rpm 
=  equivalent  radial  load 
Ljj,=  life  (hr) 

The  equivalent  L^g  life  of  a  bearing  subject  to  varying  speeds  for  varying 
times  can  be  determined  by  the  formula: 


.  g  life  is  defined  as  the  number  of  hours  (at  some  given  constant  speed 
asic  load)  that  90  percent  of  a  group  of  bearings  will  complete  or  exceed 
before  the  first  evidence  of  fatigue  develops.  Average  life  is  approximately 
five  times  the  L^g  life  as  presently  determined  (10). 
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where 
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1 


s  equivalent  hoorc  of  L|q  life 

»  portions  of  time  expressed  as  a  decimal  fraction  of  time  that 
load  and  speed  are  in  effect 


L*j  s  calctslated  life  of  each  bearing  at  each  load  and  speed 


Combining  the  steady  centrifugally  induced  loads  with  the  precession  forces 
and  calculatinj|  the  Lj,q  life  for  each  condition  results  in  the  ^0  lives  are 
as  shown  below: 


Cond. 


1 

2 

3 

4 

5 

6 

7 


'10 


Percent 
of  Time 

Normal 

Loading 

Radial 

Gyro 

Induced 

Loads 

Total 

Loads 

RadUl 

Theoretical 
Life  *  L,^ 
(Hr) 

0.  0001 

36.8 

594 

630.8 

24 

0. 0005 

36.8 

396 

432.9 

74 

0.  005 

36.8 

316 

352.9 

132 

0.025 

36.8 

238 

274.9 

292 

0.  033 

36.8 

159 

195.9 

810 

0.  055 

36.8 

79.5 

116.4 

3,690 

0.  88 

36.8 

m 

36.85 

120, 000 

bearing  life  for  duty  cycle  »  7, 

000  hr 

Bearing  Drag  Dose  Calculation 

Bearing  Data 

Brg  9104  (20  x  42  x  14) 

Contact  angle  %  12  deg 

Rotational  speed  =  28,  000  rpm 

Friction 
Torque 

Friction  =  (0.  083)(0. 000018)(36. 8)(!.  22)  +  1. 183  x  lO'^d.  5)(3, 700)(1. 8) 
Torque 

*  2^012  in.  lb 

hp  loss  s  =  O.OOS34hl./brf 

A2-3 


=  0.  083  f,P«d  ^  1. 183  x  lO'^f  (vN)^^^  d^-'  (Ref.  10.  pg  46) 
i  o  m  o  ni 
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NOTE:  I 

•  INLETS  iMk>SE  APMECIABLE 
ENTRANCE  IMPEDANCES  FOR 
SHORT  (I/O  <  SO)  PIPES,  AND 
SUCH  END  EFFECTS  ARE  iN> 

•  CLUOEO  IN  THE  DASHEO'LINE 
PAIAMHUC  CURVES  lELOW. 


.i^^P 


TAPERED  PIPE  CONCIOANCe 


NOTE: 

THE  TABULATED  CONDUaANCE 
MULTIPUERS  RELATE  TO  THE 
TAPERED  PIPE  SHAPE  OF  A  RIGHT 

rie£!UlAt  FCLKTBllM  OF  A  rOMF 


DIAMETER 

RATIO* 

MINyAVERACE 

CVLIN.  PIPE 
CONDUCTANCE 
MULTIPLIER 

O.OSO 

0.01 

o.ozs 

0.02 

C.10 

0.04 

0.20 

0.13 

0.2S 

0.19 

0.30 

0.26 

0.40 

0.41 

0.50 

0.56 

0.50 

0.70 

0.70 

0.82 

o.do 

0.92 

0.90 

0.93 

].Q0 

_ 1 

1.00 

*AVERAGE  DIAMETER  IS 
®^MIN.  °MAX.^* 

Fig.  A3 -2  Improved  Method  for  Determining  Vacuum 
Pipe  Flow  Conductance 
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Since; 


3.  20  cpm  X  60  s  192  cfh 

i’ 

Kr 


ft  0.  17  w-hr 
T - 


I  O'!  _  ■»•>  t  _ 

192  •err  J£  - — »( -  =  j«..  o  WKits 


ft* 


For  hp: 


32.6  w  X  1.341^  X  lO"-'  =  0. 044  hp 
w 


»-3 


Pump  efficiency  is  approximately  20  percent  due  to  low  working  pressure. 


Power  load  is  =  0.  22  hp 


1 

i 

] 

I 

i 

I 

{ 


Power  requirements  for  chamber  pressure  ranging  to  30  nun  Hg  are  tabu* 
lated  below: 


P2 

mm  Hg 

Pi 

Lg-pi 

Pi 

0*  063  Lg  p'"" 

15.3 

CFM 

HP 

r 

152.0 

2. 18 

0. 138 

3.06 

3.20 

0.  22 

iO 

76.0 

1.88 

0. 119 

1.53 

1.65 

0.  112 

1& 

50.6 

1.71 

0. 108 

1.02 

1.13 

0.  077 

20 

33.0 

1.58 

0. 100 

0.  76 

0.86 

0.  059 

30 

25.3 

1.40 

0.  089 

0.51 

0.60 

0.041 

VACUUM  PUMP  VERIFICATION  TESTS 
Test  Objective 

The  test  objective  was  to  determine  the  suitability  of  a  gerotor-type  oil  pump 
for  use  as  a  vacuum  piunp  on  high**speed  flywheel  applications.  The  test 
setup  for  this  test  is  shown  by  Fig.  A3-4  (pump  test  setup). 
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Te»t  Procedure 

The  pump  was  tested  in  three  different  configxtrations  to  determine  its  best 
arrangement  for  use  as  a  vacuum  pump.  The  configurations  are  as  follows: 

•  Test  1  consisted  of  using  one  element  as  a  vacuum  pump  and  the 
second  element  as  a  scavenge  pump. 

•  Test  2  consisted  of  using  both  elements  as  a  vacuum  pump  and  lub¬ 
ricating  the  pump  with  an  oil  reservoir  which  was  attached  to  the 
discharge  port. 

e  Test  3  consisted  of  using  one  element  as  a  vacuum  pump  and  remov¬ 
ing  the  other  element.  Lubrication  was  accomplished  in  the  same  way 
as  in  Test  2. 

Test  Results 

Test  restilts  are  shown  in  Tables  A3-1,  A3-2,  and  A3-3,  and  the  pump  flow 
curve  is  shown  in  Fig.  A3 -5. 

Conclusions 

Test  results  show  the  pump  to  be  suited  to  the  flywheel  system  for  the  fol¬ 
lowing  reasons: 

•  Pump  downtime  to  a  useful  vacuum  level  never  exceeded  25  sec. 

A  typical  pump  downtime  curve  is  plotted  in  Fig.  A3-5. 

•  The  pump  is  capable  of  pumping  down  and  holding  air  pressure 
levels  below  5  mm  Hg. 

e  Configuration  1  provides  the  highest  vacuum  producing  capability. 

•  Temperature  stabilised  at  acceptable  levels  for  all  configurations. 


i. 
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Table  A3-1 

VACUUM  PUMP  TEST  1 


I>ate  1/20/72  Beoorder  M.  Helvey 

Wit!%eM  R.  Ruth 

Type  of  Pump  Gerotor  Scavenge  Pump _  ’  _ _ 

Pump  Identification _ GC  ?(36  M _  ,  _ 

Pump  Connguration _ 1  Element  Oil  Pump  _ 

1  Element  Vacuum  Pump _ _ 

3 

Vacuum  Chamber  Volume _ 108  in. _ _ 

Ambient  Pressure _ 29«92  psl _ _  ’ 

Ambient  Temperature _  68*F _ ^ _ , 


Pump  ^)eed  (rpm)  ,  [ 

Item 

5,200 

6,000 

7,000 

8,000 

PumiKiown 

Time 

(sec) 

35 

40 

40  1 

30 

Minimum 

Pressure 

Altaiiu;d 
(mm  Us) 

1.9 

2.8 

2.9 

' 

5.1 

l*ump 

1  Housing 
Temperature 
(•F) 

100 

' 

176 

176 

215 

Off  Scale} 

Test  Sat*^  Records  only  up  to  100.  OO  in.  -ox 


Torque 
(in. -ox) 
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Table  A3 -2 

VACUUM  PUMP  TEST  2 


Date  1/20/12  Kecorder 

WitDeas  _ 

I^P®  of  Pump  Gerotor  Scavenge  Pump _ 

Pump  Identification _  P/N  GC  436  M 

IHirop  Configuration _ Both  Elements  Vacuum  Pump 

3 

Vacuum  Chamber  Volume  108  in. 

Ambient  Presaora  29«92  pat 

Ambient  Temperature  68  *F 


M.  Helvoy 
R.  Ruth _ 


Pump  Stpeed  (rpm) 

Item 

5.200 

mgmi 

mmm 

8.000 

Pumixlown 

Time 

<sec} 

37 

32 

“ 

1 

Minimum 

I»roaaure 

AtUiincd 
(mm  lig) 

17.9 

21.0 

95.0 

100.0 

1 

Pump 

Housing 

Temperaturo 

(•F> 

148 

180 

t 

210 

210 

Torque 
(in.  -os) 

93.03 

79.02 

66.70 

57.40 

Hnraepower 


(0.4fi> 


(0.47) 


0.464 


0.45S 
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Table  A3>3 

VACUUM  PUMP  TEST  3 


Heoorder 

Witness 


R.  Hath 


Pump  Identification 
Pump  Configuration _ 

Vacuum  Chamber  Volume 

Ambient  Pressure _ 

Ambient  Temperature _ 


P/N  GC  436  M _ 

1  Element  Vacuum  Pum 
1  Element  Removed 
108  tn,^ 

_ 28<.92  psi 

68*F 


Item 


Pui)i|Kiowa 


Minimum 
Pressure 
Attained 
(mm  Hfe) 


Temporature 


Horsepower 


Pump  ^;)eed  (rpm) 

5,200 

7,000 

8,000 

31 

25 

20 

30 

9.5 

34 

39 

30 

140 

156 

160 

210 

46.0 

41.7 

40.5 

31.7 

(0.237) 

(0.248) 

0.281 

(0.252) 
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Appendix  A4 

GEAR  ANALYSIS  -  FIRST  REDUCTION  STAGE 


Gear  Data 


Ratio 

a 

2:1 

**d 

s 

19 

F 

*  0.38 

= 

19 

"g 

D 

=  38 

d 

1.00 

*2.0 

P 

8 

”P 

J 

28,  000  rpm 

0.  32  for  ^  =  20® 

"g 

*  14,  000  rpm 

The  allowable  power  formula  for  a  gearaet  baaed  on  tooth  strength  ia: 


n^  d  F  J  S, 


at 


=  ife: 


at 


trocTT 


(Ref.  13) 


where 


^at 

=  power,  hp 

"p 

*  pinion  speed,  rpm 

*  life  factor  =  1.0 

d 

*  pinion  oper.  pitch 

K, 

=  overload  factor  *1.0 

diam. ,  in. 

K 

*  load  dist.  factor  =  1 . 25 

F 

*  face  width 

in 

K 

*  tooth  sise  factor  =  1.0 

J 

*  tooth  geometry  factor  *  0. 32 

s 

*^t 

=  temp,  factor  *1.0 

Sat 

r** 

*  allowable  stress  *  33,  000  psi 

X 

X 

*  safety  factor  =  1.5 

K  »  velocity  factor  *1.0 


Then 


«  28,000x  1.0x  0.38x1x  33,000  1.  Ox  1.0  _  ,e 

^at  - - rarromrr? - •  ivpvi.zy  xi:  gx  r.-o"xX^  = " 
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The  allowable  power  formula  for  a  gearset  based  on  surface  durability  is: 

F  I  C  S  d  C,  C,  ^ 

T.  _  P  V  ac  1  h 

^  ”  TOTOTO  ‘  C  C"  C.C  “Tr“  •  “CTTr* 

8  m  f  o  p  t  r 


ac 


(Ref.  14) 


where 


P^c  ~  power,  hp 

n  p  =  pinion  speed,  rpm 

F  s  face  width,  in. 

I  =  tooth  geometry  factor  =  0. 1 04 

=  velocity  factor  =  1.0 

C  =  tooth  size  factor  =  1.0 
8 

C  =  mountinff  factor  =  1«  3 
m 

Ce  =  surface  condition  factor  =  1.0 


Then 


„  28,  000(0.  38) 

^ac  * '  i7&;  ooT) . *  r 


0.104  X  1 
xf.  3x1x1  ^ 


=  overload  factor  =  1.0 

=  life  factor  =  1.0 

=  hardness  factor  =  1.0 

=  material  factor  =  2,  300 

=  temp,  factor  =  1.0 

=  reliability  factor  =  1.25 

=  allowable  contact  stress 
=  110,  000  psi 

d  =  pinion  pitch  ‘am.  =1.00 


ril0,000xl  1. Ox  1.0*1 

["“  XSiro —  *  T7g  "xl7ZB  J 


1 


P 


ac 


=  15.2hp  Marginal  Design 


Redesign  using  hardened,  ground  gears  with  S  equal  to  180,  JOO  psi  (Rc  55 

ac 

min)  (ref.  14),  P  then  becomes: 
ac 


Smaller  gear  sets  are  possible  to  carry  the  required  nominal  maximum  power 
requirement  of  20  hp.  How-:;ver,  sizes  of  other  components  such  ae  motors, 
clutches,  flywheel,  brake,  etc.  determine  minimum  center  distances,  thereby 
governing  pitch  diameters.  Select  face  widths  to  suit  the  power  requirements 
without  going  to  impractically  thin  gears. 
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Appendix  A5 

FLYWHEEL.  CRITICAL  SPEED  ANALYSIS 


Brg.  locitione  Flywheel  Date 


Wt  a  13,50 
Material  Steel: 
E  a  30  X  10^ 
I  a  0. 0491 
13.50 


1.  00  diam. 


1.50 


<tJ  a  critical  speed,  rad/sec 


3EI  _  3  X  30x  10®  X  0.0491 

°  2^ - iT15^ - 

a  1.3  X  10^  Ib/in.  (one  side) 


Assximing  support  bearing  and  housing  stiffoess  to  be  1  x  10  Ib/in.,  stiffness 
at  each  bearing  is: 


iTTggx  io6  +  nrw* 


a  0.  51  X  16®  Ib/in. 


K,p  a  2  X  k  a  1 . 02  (for  both  bearings) 


The  critical  speed  formula  is: 


«*J  a 


where 


a  critical  speed,  rad/sec 

a  spring  rate  of  supporting  structure,  ^ 

<  #1  u  t  scc^ 
a  mass  of  flywheel  — - 
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Then 


1.02  X  10^ 

“~03T“ 


or 


5,  380  r&d/sec 


51,400  rev/mla. 


LMSC-Di67477 


Appendix  B 
EVALUATION  TESTS 
CANDIDATE  HOIST  CABLE  PROPERTIES 


TEST  PROGRAM  DESCRIPTION 

An  extensive  stttdy  and  test  progieam  was  conducted  to  evaluate  candidate 
lifting  materials  other  than  the  conventional  wire  rope.  Materials  and  con¬ 
figurations  considered  provided  certain  advantages  to  the  High  Performance  Hoist 
design  concept  which  made  an  investigation  into  their  properties  necessary. 

Properties  investigated  were: 

o  Elongation 
o  Permanent  deformation 
o  Breaking  strength 
o  Damping  characteristics 
o  Self-level  winding  capabilities 
o  Abrasion  resistance 

Two  plastic  rope  types  and  one  swaged  wire  cable  were  compared  with  the 
conventional  19x7  ORES  non-rotating  wire  cable  (MII*-W-83140).  One  of 
the  plastic  rope  types  called  Samson  Z  in  1  stable  braid  lias  a  polypropylene 
inner  braid  and  a  polyester  outer  braid;  the  other  plastic  rope  type  considered 
was  webbing  of  a  polyester  material,  the  wire  cable  considered  w&s  an  Amer¬ 
ican  Chain  <c  Cable  Co.  manufactured  19x7  swaged  CRES  c^ble  of  0.  ^08  diam. 


Elongation  values  were  obtained  by  measuring  the  change  in  gage  length  of 
each  specimen  ae  a  tensile  load  was  applied.  The  property  of  a  pernianent 
deformation  was  noted  by  the  amount  of  set  the  rope  had  after  load  was 
released. 
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In  the  same  test  manner  the  ropes  were  loaded  until  failure  occurred;  this 
value  is  the  breaking  strength  of  the  material.  (See  Fig.  B-1. )  Two  candi¬ 
dates,  the  plastic  braid  and  tl.j  wire  rope,  failed  at  the  manufacturer's 
slated  value;  however,  the  polyester  webbing  sustained  an  overload  of  25 
percent  without  failing.  This  overload  was  at  the  test  machine's  load  limit 
so  it  was  not  possible  to  break  the  specimen  with  the  available  equipment. 

Damping  characteristics  were  investigated  in  a  quantitative  manner,  here 
again,  compared  to  the  conventional  wire  rope.  For  this  series  of  tests 
approximately  75  ft  of  rope  was  attached  to  a  hoist  and  used  to  lift  a  weight 
of  217  lb.  This  weight  was  tlien  torsionally  rotated  a  preset  number  of  turns 
and  released.  Time  and  oscillations  were  observed  as  the  load  came  to  zero 
test  position.  This  gave  information  of  the  rope's  torsional  stiffness.  To 
evaluate  the  longitudinal  (axial)  stiffness  a  weight  was  manually  lifted  and 
released;  the  time  to  come  to  rest  was  a  measure  of  stiffness  in  the  longi¬ 
tudinal  direction.  These  stiffness  tests  were  then  reported  with  htaman 
subjects. 

High  speed  tests  were  run  on  the  Breeze  hoist  to  determine  the  character¬ 
istics  of  the  capstan  type  drive  at  high  line  speeds.  A  "Varidrive"  unit  was 
substituted  foi  the  existing  hoist  drive  motor,  which  provided  a  speed  capa¬ 
bility  equivalent  to  over  500  ft/min.  line  speed.  (See  Fig.  B-2. ) 

Self-level  wind  ability  was  determined  for  the  plastic  braid  rope  and  tlie 
wire  cable.  The  webbing  material  was  not  tested  since  the  design  concept 
for  this  material  did  not  require  it  to  have  level-wind  capability.  The 
method  used  to  evalxiate  the  rope's  self -level  wind  capability  was  to  pull  the 
rope  with  a  powered  sheave  over  a  fairlead  pulley  against  a  constant  load. 

It  was  possible  to  vary  the  sheave  speed  up  to  a  rope  speed  of  1, 000  fpm;  the 
flange  spacing  of  the  sheave  was  also  adjustable  to  6  in.  By  providing  for 
adjustable  center -distance  spacing  of  the  fairlead  pui^.^y,  fleet  angles  could 
be  changed  to  accommodate  the  winding  characteristics  of  each  candidate 
rope.  Constant  load  source  for  the  test  was  provided  by  pulling  against  the 
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trrhff 


Fig.  B-1  Rope  Break  Teat  Set  Up 
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roiling  resistance  of  a  2-1 /2-ton  truck.  (See  Figs.  B-3  and  B-4. )  Precau¬ 
tions  were  taken  to  keep  tlte  road  surface  clean  allowing  a  upiforni  rolling 
iriction  coefficient.  Observations  during  tests  showed  the  rolling  resistance 
peaked  at  600  -  1,  100  lb  during  initial  acceleration,  then  leveled  off  at  200  - 
500  lb  during  the  run. 

The  test  setup  used  to  evaluate  self-level  wind  characteristics  was  also  used 
to  assess  the  property  of  abrasion  resistance  of  the  plastic  braided  rope. 

During  early  stages  of  testing  it  became  evident  the  plastic  braid  had  infer¬ 
ior  abrasion  resistance.  To  find  means  of  improving  abrasion  resistance 
two  cover  materials  were  tried.  These  materials,  in  the  liquid  form,  were 
applied  to  lengths  of  plastic  braid  and  subjected  to  the  same  use  profile  as  an 
untreated  lengtli.  Coatings  used  were; 

o  A  polyurethane  clear  fabric  impregnant 
Chemglaze  ZOOS 

Hughson  Chemical  Co.,  Los  .Angeles,  California 
o  A  neoprene  rubber-like  coating 
Hi -ten  N-55  neoprene  coating 
Gaco  Western,  San  Mate  .  California 

An  additional  parameter  investigated  at  this  time  is  tiie  possibility  of  degraded 
breaking  strength  due  to  the  coating  applied.  For  this,  select  lengths  of  coated 
braid  were  retested  for  breaking  strength, 

RESULTS 

Elongatioij 


The  elongation  of  each  candidate  rope  is  shown  in  the  following  tabulation: 
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Fig.  B-3  Wind  Up  Test  Set  Up 
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Material 

Wire  Rope  (present) 

Wire  Rope  (swaged) 

.  Plastic  Rope 
W  ebbing 

Permanent  Deformation 

An  attempt  was  made  to  observe  any  possible  permanent  deformation  of  the 
materials. tested.  Each  specimen  was  loaded  to  1, 000  lb  and  held  there  for 
approximately  30  min. ,  at  which  time  the  load  was  released.  This  lefi  a 
deformation  in  the  plastic  braid  and  webbing  of  0. 25  in.  The  wire  rope  had 
no  measurable  deformation.  After  3  hours  the  candidate  ropes  were  me£.> 
sured  again  and  found  to  have  returned  to  the  original  length. 

i 

Breaking  Strength 


Elongation 

^/IbJiO'S 

6.25 
5. 12 
114.2 
95.9 


Pull  tests  performed  on  each  of  the  candidate  ropes  are  tabulated  beloi^ . 
Tests  were  run  with  the  plastic  braid  with  no  coating  and  with  polyurethane 
and  neoprene  coated  samples. 


Material 

Wire  Rope  -  3/16  diam. 

Wire  Rope  Swaged  -  0. 208  diam. 
Plastic  Braid  -  5/16  diam. 

(a)  Uncoated 

(b)  Polyurethane 
'  (c)  Neoprene 
Webbing 


Breaking  Strength,  lb 
3,700 

Over  4,  000 
2,  500 

1,  500  -  2,300* 

1,800  -  2,200* 

Exceeded  4,  000  (the  capabil¬ 
ity  of  the  test  setup) 


*These  pull  tests  were  performed  on  coated  samples  that  had  undei  - 
gone  ten  cycles  of  self-level  wind  tests  for  abrasion  resistance 
determinations. 
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The  variation  in  breaking  strengths  was  due  to  the  rope  failing  at  the  entrance 
to  the  test  fixture;  with  the  snubbing  type  fixture  used  (Fig.  B>1),  as  the 
rope  is  pulled  in  tension,  it  tightens  on  a  drum  and  puts  the  rope  fibers  con> 
tacting  the  drum  in  compression.  The  \mcoated  rope  is  free  to  flow  and 
move  away  from  this  compressive  load  while  the  coated  rope  is  more  resis¬ 
tant  to  this  relieving  capacity.  Examination  at  the  point  of  failure  showed  the 
compressive  mode  of  failure. 

An  additional  pull  test  performed  on  the  plastic  braid  served  to  answer  the 
question  of  "how  many  cut  braids  would  induce  failure?".  For  this  deter¬ 
mination  several  samples  were  pull-tested.  The  first  had  two  cut  braids; 
the  second,  four,  and  so  on.  Rope  &ilurc  due  to  eight  cut  braids  occurred 
at  2,  200  lb. 

It  should  be  noted  that  all  all  but  one  test  the  failures  occurred  only  to  the 
outer  braid  coverings.  The  inner  braided  core  held  at  about  1,  OOC  lb  after 
rupture  of  the  braided  cover.  This  includes  the  condition  of  reducing  rope 
strength  by  cutting  the  braids. 

Damping  Characteristics 

The  property  of  damping  is  an  important  characteristic  to  have  in  a  rope 
being  used  in  a  helicopter  hoist.  Its  importance  stems  from  the  fact  th'.t 
rotating  ropes  tend  to  "blossom"  or  increase  in  their  cuter  diameter.  This 
can  be  a  problem  if  fairleads  are  designed  to  only  accept  fixed  diameter 
ropes.  Also,  in  this  helicopter  hoisting  application  the  downwash  acting  on 
the  injured  person  being  lifted  can  twirl  the  body  aerodynamically.  This 
can  be  resisted  using  a  heavily  damped  rope. 

I 

The  results  of  the  torsional  damping  test''  ’'viicated  the  plastic  braid  rope 
had  slightly  better  damping  characterist.c^  the  swaged  wire  cable  and 
much  better  than  the  conventional  wire  cab'  For  example,  the  loaded 
samples  were  woimd  five  times,  then  released,  and  the  overtravel  turns 
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noted;  this  was  done  in  both  directions.  The  jplastic  rope  overtraveled  l>3/4 


turns,  the  swaged  wire  cable  overtraveled  two  turns,  and  the  conventional 
wire  cable  overtraveled  three  turns;  with  a  10  turn  windup,  the  plastic  rope 


overtraveled  3-1/2  turns  and  the  conventional  wire  rope  overtraveled  seven 


turns. 

High  Speed  Capstan  Tests 


The  results  of  the  tests  are  shown  in  the  table  below: 


Test 

Run 

Speed 

(RPM) 

Load 

(Lb) 

#1 

5,250 

50-100 

n 

8.  000 

75-150 

#3 

12. 000 

100 

H 

16.000 

100-200 

#5 

2,000 

100-200 

#6 

25,200 

100-200 

Remarks 

Fairly  even  level  wind 

Good  level  wind 

Slight  bunching  in  center 

Poor  level  wind  -  bunching  in 
center 

Same  as  #4 

Poor  level  wind  >  bunching  up  on 
edge 


The  results  of  the  tests  indicate  the  capstan  type  drive  continues  to  function 
at  the  higher  line  speeds;  however,  the  level  wind  on  the  storage  drum  was 
affected  by  the  speed.  The  cable  tended  to  bunch  up  in  the  middle  or  on  one 
side  at  the  higher  line  speeds;  however,  when  the  cable  was  wound  off  the 
storage  drum,  it  came  off  in  a  satisfactory  manner. 

Self-Level  Wind  Capabilities 

This  characteristic  was  investigated  to  determine  if  proposed  simplifications 
of  present  helicopter  hoists  could  be  realised.  The  hoist  now  in  use  incor¬ 
porates  a  powered  capstan  for  pulling  up  the  load  and  a  level  wind  mechanism 
to  feed  the  wire  rope  into  a  storage  drum.  New  design  modifications  are  | 

intended  to  do  away  with  the  capstan  and  level-wind  mechanism.  | 


- 
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The  plastic  rope>  the  swaged  wire  cable,  and  the  conventional  wire  cable 
were  tested  to  determine  the  level  wind  capability  of  each  type.  The  tests 
were  performed  varying  the  sheave  flange  width,  center  distance  to  fairlead 
sheave,  and  reel-in  speed.  For  the  anticipated  hoist  design  constraints,  the 
plastic  rope  showed  good  level  wind  characteristics,  the  swaged  wire  cable 
had  slightly  less  favorable  characteristics,  and  the  conventioi^l  wire  cable 
has  the  worst  properties.  Table  B-1  shows  the  results  of  the  level  wind 
tests. 

The  compliance  of  the  plastic  braid  was  a  benefit  to  its  level-wind  ability 
in  this  particular  test  setup.  Because  of  the  manner  used  to  apply  load 
the  compliant  braid  damped  out  load  fluctuations.  It  was  noted  during  test¬ 
ing  the  wire  rope  would  tension  up  then  go  slack,  thus  producing  an  erratic 
level  wind  due  to  the  pulsating  winding  tension.  It  is  felt  that  the  wire  rope 
would  exhibit  a  better  tendency  to  level  wind  if  it  was  pulling  against  a  more 
constant  load,  that  of  gravity. 


Abrasion  Resistance 

It  was  noted  early  in  the  test  program  that  the  candidate  material  would  have 
to  have  good  abrasion  resistance  properties.  While  performing  the  level - 
wind  tests,  note  of  the  braid  condition  was  made  and,  as  suspected  in  this 
particular  environment,  the  wire  rope  was  superior  to  the  plastic  braid. 

Two  cover  compounds  were  obtained  that  could  be  applied  to  the  braid  in  an 
effort  to  improve  its  abrasion  resistance.  These  were  applied  by  hand  and 
as  a  consequence  were  not  uniform  over  the  surface.  Identical  rims  were 
made  with  coated  and  uncoated  yacht  braid.  Coating  is  a  definite  aid  to  the 
abrasion  resistance  of  the  material. 

Two  coating  materials  were  tried;  one  a  clear  polyurethane,  the  other  a  grey 
rubberised  neoprene.  Only  the  polyurethane  caused  a  problem.  That  was, 
during  unwinding  the  polycoated  braid  had  a  tendency  to  jam  in  the  lay  and 
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Fig.  B-10  Medium  Wide  Dgum,  19  x  7  Swaged 
Wire  Rope,  2.  5  Fleet  Angle 
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began  to  reverse  jvind.  Once,  a  force  of  lets  than  5  lb  vras  required  to 
unjam  it;  the  second  time,  approximately  10  lb  were  necessary.  This 
could  present  a  problem  in  reeling  out  unless  the  hook  load  was  more  than 
10  lb  or  the  traction  sheave  kept  the  necessary  tensiion  on  the  line  as  it  was 
reeled  out.  Results  also  indicate  that  a  drum  with  a  large  radius  at  its 
flange  base  would  resist  "diving"  of  the  rope  as  it  winds  on  the  drum.  This 
jamming  'Cendency  was  not  observed  with  the  rubberised  neoprene  coated 
braid. 

Physical  Properties 

The  maximum  load  to  be  hoisted  will  be  600  lb;  therefore,  the  minimum 
breaking  strength  of  the  hoisting  rope  is  2,600  lb.  This  requires  5/16  in. 
diam.  pl::stic  rope  which  weighs  3  Ib/ft,  or  3/16  in.  diam.  wire  cable  which 
weighs  6.  5  Ib/ft.  Thus,  the  plastic  rope  will  take  more  volume. 

The  cost  of  the  plastic  braid  at  retail  prices  is  17  cents/ft  on  300  ft  lengths 
while  the  wire  rope  costs  approximately  34  cents/ft. 

Field  reports  have  indicated  tliat  the  failure  of  the  guillotine  to  operate  when 
required  has  created  serious  problems  during  missions.  The  plastic  rope 
has  an  advantage  over  the  wire  cable  in  that  the  rope  could  be  readily  severed 
with  a  knife  while  the  wire  cable  could  not. 

CONCLUSIONS 

=  res^Hs  of  the  tests  indicate  that  both  the  plastic  braided  rope  and  tl^e 
-  '  wire  cable  have  desirable  properties  which  make  them  candidates 
ce  the  present  19x7  CRES  non-rctating  wire  cable. 

The  self-level  wind  characteristics  of  lx>th  candidates  were  better  than  those 
of  the  present  cable;  however,  the  plastic  rope  showed  better  characteristics 
than  the  swaged  cable  at  the  larger  fleet  angles. 
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The  d^tnpmg  cbjaracteri sties  of  the  pl&stic  rope  and  swaged  wtre  cable  were 
very  similar;  both  were  better  than  those  of  the  present  wire  cable. 

The  elongation  of  the  plastic  rope  was  7  percent;  the  wire  cable  elongation 
was  less  than  1  per'.ent. 

The  abrasion  resistance  of  both  of  the  wire  cables  is  much  better  than  that 
of  the  plastic  rope.  The  micoated  rope  had  poor  abrasion  resistance;  hoW' 
ever,  this  property  was  improved  with  the  use  of  a  polytirethane  coa  g. 
Additional  testing  should  be  done  on  the  plastic  braided  rope  with  the  coat¬ 
ing  commercial  impregnation  methods,  which  would  insure  more  uniformity 
of  penetration  and  outside  coating  thickness. 
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Appendix  C 

MILITARY  CHARA  CTEHISTICS  FOR  HIGH  SPEED 
UTILITY  HELICOPTER  HOIST 


1.  REQUIREMENTS: 

-  ■■■■■■  1 ,1  .  II  ...—  ,  j  1 

a.  Provide  U.  S.  Army  medical  evacuation  helicopters  witli  a  high 

speed  method  of  lifting  a  patient  to  the  helicopter  from' areas  where  a  land¬ 
ing  cannot  be  made.  ’ 

b.  Source  of  Requirement: 

(1)  USARV  Letter,  CDCCS-LV.  13  Dec  70,  subject:  DPSDR  for 

a  Triple  Canopy  Resupply  Sv^.tem  (TRICARS).  ,  '  ' 

(2)  FONECON,  MAJ  Cloke,  CDC  Medical  Se^ice  Agency,  4  Aug  71, 

(3)  COL  Shane,  CO  Aero  Medical  Laboratory,  Visit  to  USALWL, 

5  Aug  71. 

2.  OPERATIONAL  AND  ORGANIZATIONAL  CONCEPTS:  , 

a.  Operational  Concept:  Aero  medical  evaciiation  units  would  use 
this  device  to  rapidly  lift  wounded  and  injtired  personnel  from  the  ground 
to  a  helicopter  in  areas  where  the  helicopter  cannot  la!nd. 

b.  Organizational  Concept:  It  is  envisioned  that  item  would  be  avail¬ 

able  to  using  units  through  normal  supply  channels  for  the  class  of  supp^ 
and  issue  on  a  one-for-one  replacement  basis  for  the  current  hoist  on  the 
same  basis  of  issue.  i 

3.  JUSTIFICATION  AND  PRIORITY: 

a.  Reason  for  the  Requirement:  The  UH-i  Helicopter  Internatiojnal 
Rescue  Hoist  currently  used  to  lift  personnel  to  the  helicopter  in  areas 
where  it  cannot  land  operates  very  slowly  and  requires  the  helicopter  to 
hover  for  excessive  time  at  an  altitude  where  it  is  extremely  vulnerable  to 
enemy  ground  fire  and  where  engine  failure  could  be  disastrous. 
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b.  Priority  for  Reqmrement;  This  problem  is  not  included  in  the  May 
1971  MACV  Significant  Problem  Areas  Report  but  it  meets  the  criteria  for 
Priority  Croup  II. 

4.  CHARACTERISTICS; 

a.  Physical  Characteristics; 

I  (1)  Maximtim  Num'  er  of  Major  Components  in  this  Unit;  (Essential) 

4  (Flywheel,  motor,  drum  with  cable,  and  hoist  arm  assembly) 

(2)  Maxim  tun  Weight;  (Essential)  180  lb  installed 

(3)  Cubic  Measurements;  (Essential)  Occupy  no  more  usable 
apace  than  that  occupied  by  the  present  hoist. 

(4)  Installation;  (Essential)  Be  capable  of  being  installed  on  exist¬ 
ing  mounting  points  at  the  same  level  of  maintenance  in  the  same  amour, 
time  as  the  present  hoist. 

(5)  Maximum  Hoist  Power  Reqmrement:  (Essenti/.l)  The  electrical 
energy  must  be  supplied  from  aircraft  engine  accessory  generator  system 
and  must  not  exceed  the  power  requirements  for  the  current  hoist. 

(6)  Transportability:  (Essential)  Air 

(7)  Expendable:  (Essential)  No 

(8)  Environmental  Requirements:  (Essential)  Categories  1-8, 

AF  70-38. 

(9)  Compatibility:  (Essential)  Be  capable  of  being  operated  on  the 
UH-ID  and  UH-IH  helicopters;  (Desired)  the  Utility  Tactical  Transport  Air¬ 
craft  System  (UTTAS). 

(10)  Storage  (Shelf  Life):  (Essential)  5  years. 

b.  Performance  Characteristics;  (Essential)  Have  the  following 
improved  charivcteri sties  without  degrading  any  of  the  performance  charac¬ 
teristics  of  the  existing  hoist; 

(1)  Lifting  and  Lowering  Sustained  Operation  Rate:  (Essential)  Be 
capable  of  operating  at  ail  speeds  up  to  its  maximum  and  performing  at  the 
following  worst  case  scenarios: 
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Scenario 


No.  of  Hoiet  Operationa _ 

loo  Lb  1  400  Lb  1  600  Lb  I  Total 


Wt 

Hoisted 

(Lb) 

1,800 

1.800 

1,800 

1,800 


(2)  Mission  Scenario  Time:  (Essential)  Be  capable  of  performing 
the  four  worst  scenarios  within  the  following  times  (based  on  the  assumptions 


listed: 


Scenario  Maximum  Time 

A  12  Minutes 

B  11  Minutes 

C  10  Minutes 

D  10  Minutes 

Assumptions: 

A.  Dwell  Times  at  Top  and  Bottom  are  the  following: 
Load  Dwell  Time 


200  lb 
400  lb 
600  lb 


0.  25  min. 
0.  50 
1.00 


B.  No  Dwell  Time  is  required  at  top  prior  to  the  first  or 
after  the  last  hoist. 

(3)  Acceleration/Deceleration:  (Essential)  Exert  not  more  than  a 
1  '»g«»  force  (32.  2  ft/sec  on  the  load  being  lifted  or  lowered). 

(4)  Mission  Reliability:  (Essential)  A  mission  reliability  of  50  per¬ 
cent  is  required;  (Desired)  95  percent.  System  must  have  a  0.99999  relia¬ 
bility  against  catastrophic  failure  during  lowering  and  retrieving  of  personnel. 

c.  Maintenance  Concept; 

(1)  (Essential)  Only  standard  Army  POL  products  must  be  required 
for  lubrication;  (Desired)  a  lifetime  lubrication  system  should  be  used. 

(2)  (Essential)  The  aircraft  crewchief  must  be  capable  of  deter¬ 
mining  the  state  of  operational  readiness  by  simple  visual  inspections  and 
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operational  teste.  Cable  cbeck/preventative  maintenance  shall  be  accom¬ 
plished  by  oiling  and  cleaning  with  a  rag  and  looking  for  broken  strands. 

(3)  (Essential)  Crewchief  maintenance  must  be  Imple  and  con¬ 
sist  of  component  part  replacement  and  minor  r'tpairs  withotit  using  special 
tools. 

(4)  (Essential)  The  total  maintenance  effort  must  not  exceed  one 
hour  of  maintenance  for  each  400  cycles  of  hoist  operation. 

d.  Human  Engines  ring /Safety  Characteristics; 

(1)  (Essential)  Be  safe  in  operation  in  accordance  with  AR  385-16, 
dated  1 1  Feb  67. 

(2)  (Essential)  A  vistial  means  will  be  provided  to  indicate  how 
much  cable  is  extended. 

(3)  (Essential)  The  hoist  must  automatically  slow  down  and  stop 
when  the  cable  is  fully  extended  or  retracted. 

(4)  (Essential)  When  the  cable  is  retracted,  the  hoist  must  not 
change  any  of  the  flight  characteristics  of  the  UH-ID/H  helicopter  on  which 
it  is  installed.  The  aircraft  must  be  capable  of  limited  vertical  and  hori¬ 
zontal  movement  with  the  cable  extended. 

(5)  (Essential)  The  system  will  include  provisions  whereby  the 
extended  cable  can  be  rapidly  cut  at  the  helicopter  without  backlash  and/or 
unwinding  of  the  cable  damaging  the  aircraft  or  endangering  the  crew. 

(6)  (Essential)  When  in  operation,  the  loaded  system  will  remain 
within  the  fore,  aft,  and  lateral  CG  limits  of  the  aircraft  on  which  mourted. 

(7)  (Desired)  A  means  to  lower  and  raise  loads  manually  will  be 
provided, 

e.  Priority  of  Characteristics; 

(1)  Safety  (Not  c^Ange  flight  characteristics  or  CG). 

(2)  Safety  (Cable  cutting  capability). 

(3)  Performance  (Mission  reliability). 

(4)  Performance  (Speed). 

(5)  Performance  (Sustained  Operation). 

(6)  Performance  (Acceleration/Deceleration). 
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